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A model study of the pressure drop in the gas column of 
an upward annular gas-liquid flow system is described. 
The models were two rubber tubes with walls oscillating as 
axisymmetric standing waves. Pressure drops were shown 
to increase rapidly with increase of wave length, wave 
amplitude, and The mathematical 


analysis of the system was extended. 
U of gas and liquid in a vertical tube results in the phe- 
nomenon of annular flow; that is, the gas flows rapidly 
upward inside an annular layer of liquid which rises relatively 
slowly next to the wall. The drag of the gas on the liquid over- 
comes the force of gravity, so that the liquid is lifted up the tube 
and gains potential energy at the expense of the pressure energy of 
the gas 

When gas, at density p, is flowing at an average velocity V, ina 
tube of length Z, and diameter d, the pressure drop Ap is related 
to the Weisbach pipe-friction factor f by the equation Ap = 
fLpV? + 2d. For rigid walled tubes, f depends on the Reynolds 
number, Vr = Vpd + wu, where u is the dynamic viscosity. The 
values of f, based on the mean diameter of the air column in two- 
phase flow, have been found to be from 10 to 100 times those for 
rigid pipes with the same diameter as the air column and at equal 
teynolds numbers less than 5000. In fact, it is necessary that f 
be of this magnitude to account for the energy transferred from 
the gas to the liquid. The mechanism by which the corresponding 
high axial force is developed at the interface was not known. 
Here, then, was an apparently simple flow system for which an 
adequate explanation of the lift foree could not be given. 

The only visible difference between the gas-liquid interface of 
annular upward flow and the gas-solid interface of a rigid tube was 
the eapillary-wave system that always occurred at the former. 
It became the purpose of the present investigation to establish 
whether or not the wave system could cause this unexplained 
lift force, and if so, which of its features were the most important. 


wave frequency. 


INTRODUCTION 


NDER certain conditions the simultaneous upward flow 


Mernop or ANALYSIS 


Previous experimentation on gas-liquid flow, carried out by 
many investigators (1, 2),? has resulted in a method of correlating 
data over a wide range of flow conditions. The particular condi- 
tions of annular upward flow have been investigated more re- 
cently (3, 4, 5) under the direction of J. A. Putnam. 

Under the assumption that the velocity depends cnly on the 
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radial position, the differential equations of motion were inte- — 


grated by McElwee ( 
pressure drop in the liquid phase, 
found to be 


Ap 
AL 


4) and Pickrell (5) with the result that 7 


and hence in both phases, was 


Su), R, 


[R, In R, 
‘ 


+ Ri 


where g, | are subscripts for gas and liquid, respectively 


tube radius 
saturation, or fraction of tube cross section oceupied by 


b = 
R= 

particular phase 
Q volume 
Y specific weight 


flow rate 


This equation is independent of the velocity distribution of the va 
gas column. 7 
annular-flow conditions have shown that this equation a 


Measurements of pressure drop for a wide range of 


Thus a means 
annular pressure drop has been 


pressure drops that are from 10 to 20 per cent high, 
of calculating the two-phase 
found, This important result so far has not received proper 
recognition. 

The corresponding equation for the gaseous phase predicted 
pressure drops that were too low by a factor of 10 to 100. Since 
steady laminar flow had been assumed in the derivation, it 
should be concluded that these conditions did not obtain in the 
gas core, 

The effect of the unsteady flow caused by the waves at the gas- 
under the assumption of laminar flow in both 
phases, was investigated. The axially symmetric Navier-Stokes 
equations of motion were linearized by assuming the convective 
acceleration terms were negligible compared with the local ac- — 
Thus 


liquid interface, 


celeration terms. 


Ju 


where 
and aXial velocity components, respectively 


and time co-ordinates, respectively 


ra lial 
radial, axial, 


pp 

acceleration of gravity 

pressure 

mass density 

kinematic viscosity 
The departure of the interface from its mean position at r= a is 
given by 7 expli(ke 4+ nt)|, where = is the wave 
length. The frequeney, 5, of the wave is given by F = n/2m, 


The resulting equations for the velocities were found to be 


ik exp [i(kz + nt)}[Al(kr) + BI(k'r)|.. . [3] 
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ANSACTIONS 


ik exp[i(kz + nt)|([Cl,(kr) + DK\(kr) + EL(k’r) 
+ FK,(k’r)|. . [4] 


w, = + expli(kz + nt)| |[kAl(kr) + k’BIfk’r)) . . (5) 


kDK kr) 


- k'FK&k'r)| . . [6] 


+ k’EL(k'r) 


un 
(7) 
Vv 


where A, B, C, D, F are constants to be evaluated, and Io, 
a, Ky, K, are modified Bessel functions, 

Kquations [5] and [6] representing axial velocities reduce to 

those found by Pickrell when expanded in power series of r up to 

7 These power series are rapidly convergent, 

so that the series represents the solution within 10 per cent. 

Hence the unsteady flow caused by the waves does not account 


second-order terms. 


for the pressure drop in the air column. 

Another possible mechanism capable of producing the required 
‘lift foree was a velocity distribution that produced a high wall 
shear. This distribution might be the result of turbulence at un- 
usually small Reynolds numbers, Since the transition from lami- 
nar to turbulent flow as the Reynolds number is increased is pre- 
ceded by unstable flow, the possibility of turbulence at Reynolds 
numbers less than the usual value of 2000 for a tube could be in- 
vestigated by considering the stability of the gas flow. Reference 
to Equations [5] and [6] shows that the analytical determination 
of the stability conditions would be difficult. Consequently re- 
course Was had to experiment, 

It was noted that Equations [3], [5], and [7] are applicable to 
laminar flow of a gas through a tube with walls undergoing 
periodic deflections about a mean radius, The respective axial 
and radial velocities, w and u, are 


sin(kz 4+ nt)|[Aklo(kr) + . . 
k cos (kz + nt)[Al(kr) + BL(k’r)} 


. [8] 
(9) 


w= [i 

where 

A = + 


B= + 


kI (k'a)} 
ka)I,(k’a)| 


This system may be simulated by a rubber tube forced to de- 
flect approximately sinusoidally with axial symmetry while gas is 
flowing inside, ‘Two such models were built and pressure-drop 
data were taken. 

To test the shape of the velocity-distribution curve for the air 
flow in the models, pitot-tube traverses were made, The cor- 
responding pressure drops were measured, 


The numerical results of this investigation cover the range of 
Reynolds numbers from 300 to 4000, the range of frequencies 
from zero to 2000 eycles per minute (cpm), the amplitude-radius 
ratio range from 5 to 30 per cent, and the range of ka from 0.528 to 
0.714. Figs. | to 6 display results from the model tests and give 
the effect of all the variables mentioned. 

Velocity distributions for tube No, 1 at a Reynolds number of 
1245 are shown in Fig. 7 for frequencies of zero and 590 epm, 

The principal result was the proof that the wave-boundary 
condition caused a high pressure drop in the air stream, and that 
this pressure drop was sensitive to the wave length, wave ampli- 
tude, and frequency. 


DIscUssION 


Several of the details of the rapid increase of frietion factor with 
increase of frequency, amplitude, and wave lengthare of particular 


OF THE ASME OCTOBER, 1954 


0.60 
9.50 


0.40 


64 | 


| BLASIUS SMOOTH 
PIPE CURVE 


|__| 


400 600 800 1000 2000 
REYNOLOS NUMBER, Na 


WEISBACH PIPE FRICTION FACTOR 


bia, 1 
Purse Tune No. 1 


(Amplitude-radius ratio 


AS PARAMETER 
0.0053 


Witn 
0.046. 
ka 


Frequency, 
Amplitude-wave length ratio = 


= 0.714.) 
6.00 + + 
5-00 


LOCUS 
\ OF TRANSITIONS 


3.00 
CPM 
1860 CPM 


7.00 


1660 CPM 


~ 

+ t 

—1465 CPM 


CPM 


° 


WEISBACH PIPE FRICTION FACTOR, ff. 
? 


0.10 


0.08 
007 
06 
0.03 


BLASIUS SMOOTH 
PIPE CURVE 


0.04 4 ! 
200 400 600 1000 2000 
REYNOLOS NUMBER, Np 


big. 20 Facror as Function oF ReynoLps NUMBER 
Putse Tune No. 1 Wrra Frequency, Crem, 18 


(Amplitude-radius ratio = 0.093. Amplitude-wave length ratio = O.OL1.— 
) 


ka 


interest. The conventional friction factor, Reynolds number — 
curves, shown in Figs. 1, 2, and 3 for model No. 1, have been — 
cross-plotted in Figs, 4 and 5. 
friction-factor ratio f/fy gives the ratio between the pressure drop 
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at a given frequency to the pressure drop for the tube at rest and — 


is the same ratio as Martinelli’s ®? parameter, Remarks that 
apply to f/fo should apply also to ®?, for values of ©? in the annu- 


lar regime. Figs. 4 and 5 show there is some frequency and am- 


plitude below which there is no increase of friction factor. The 
same facts are shown by Fig. 6 which is the plot for model No. 2 
corresponding to Fig. 4. The increase of friction factor with fre- 
quency and with amplitude is roughly exponential over most of 


the range of variables. The wave-length change from 1.00 to 1.25 : 
in. had the effect of multiplying the increase of the friction factor — 


by 10. 

In Fig. 1 there is no tendency for the transition from laminar 
to turbulent flow to occur at lower Reynolds number at higher 
frequencies. This tendency is shown, however, in Figs. 2 and 3 
which indicate more tendency for higher amplitudes. Again, 
there is some amplitude below which this tendency does not occur 

The regions of Figs. 1, 2, and 3 in which the constant-fre- 
quency curves are parallel to the zero-frequency curve correspond 
to viscous-flow conditions. This is a significant fact suggesting 
the presence of eddies that in viscous flow produce velocity «is- 
tribution of the same shape as found in turbulent flow. The 
existence of these eddies agrees with the general theory advanced 
by Munk (6). Such a flattened velocity distribution is shown in 
Fig. 7 where the flow conditions correspond to Fig. 3 at the same 
frequengy and Reynolds number, The ratio of the velocity gradi- 
ent at the wall of 590 epm to the gradient at zero frequency was 
approximately 1.7. The corresponding ratio of pressure drops 
was 1,72. This agreement was closer than should be expected, 
but it does account for the axial force of the gas on the tube walls. 
Consequently, the lift force of the gas on the liquid in vertical 
two-phase annular flow must result primarily from viscous shear 
stresses at the interface. 

The effect of Reynolds number is confined to isolated regions; 
over most of the range of variables the increase of friction factor 
is insensitive to Reynolds number. Further discussion may be 
found in the Appendix. 


CONCLUSIONS 
The following may be concluded for the case of annular upward 
flow of gas and liquid in a tube: 
1 The model predicted the performance of the prototype. 
2 Astanding wave at the boundary of a gas column may cause 


high frictional resistance to flow. 
3 The pressure drop can be calculated from the basie equa- 


tions of fluid flow. 


A new solution of the Navier-Stokes equations has been 
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Each of the models of the interfacial wave was a thin-walled 
rubber tube supported externally by stiff rubber rings at fixed 
distances apart. The rings, in turn, were supported by grooves 
on the inside of a lucite tube. The annular cells thus formed be- 
tween the rings and the two tubes were connected alternately to 
the right and left-hand manifolds, as shown in Fig. 8. These 
manifolds were closed at one end and were connected at the other 
end to each side of a valveless pump. The pressure connections 
were made through lucite piezometric rings at the ends of the test 
section. The entrance, test, and delivery sections were approxi- 
mately 40, 140, and 20 diameters, respectively. 


— Appendix | 
APPARATUS AND PROCEDURE 


Putse-Tuse 
Construction Detaits anp AcTION 


The wave length, which was twice the support ring spacing, was 
1 in. for pulse tube No, 1, and 1.25 in. for pulse tube No. 2. The 
diameters of the pulse tubes were calculated by equating the 
measured pressure drops to the corresponding laminar-flow pres- 
sure drops; the effective diameter for tube No. 1 was 0.227 in., 
and for tube No, 2, 0.210 in. The amplitude of the rubber-tube 
waves was estimated by equating the volume of water required to 
deflect the walls in the shape of a sine curve between the sup- 
ports, to the volume displaced by the pump plunger. These am- 
plitudes were varied by changing the eccentric journal bearing on 
the shaft of the d-c motor that drove the plunger. The frequency 
was the motor speed which was controlled by rheostats. The air- 
flow rate through the tube was controlled by a pressure regulator. 

The action of the pulse tube is illustrated in Fig. 8. The course 
of the water during one stroke of the oscillating pump is shown by 
the small arrows; on the return stroke the water moved in the 
opposite direction. Since the displacement volume of the pump 
had to be accommodated during each stroke, the rubber wall was 
pushed in and pulled out alternately, thus causing a standing 
wave on the rubber tube. 

To keep the mean pressure equal on both sides of the rubber 
tube, a connection was made from the air in the downstream 
pressure tap (2B of Fig. 9) through a leveling bottle and into the 
manifold water. The air-water interface in the bottle was kept at 
the level of the tube center line. Manometers in the top of the 
manifold indicated the water pressure above the center line. A 
cock was provided in the air-outlet line to adjust the air pressure 
in the tube so that the manifold water pressure remained at a fixed 
value. During a run the manifold manometers were closed and 
the downstream water manometer (C in Fig. 9) indicated any 
changes in manifold pressure. At the upstream tap (A in. Fig. 9) 
the pressure in the air was higher than that in the water by the 
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pressure drop of the test section. To compensate for this effect, 
the table on which the pulse tube was mounted was tilted so that 
the difference in elevation of the pressure taps was equal to the 
air pressure drop. 

The general arrangement of the pulse-tube test station is shown 
in Fig. 9. Allinstruments were calibrated. The air-flow rate was 
kept constant by adjusting the pressure regulator to hold the 
Flowrator reading constant. The use of a sand pulsation damper 
made this control possible. The temperature of the flowing air 
was indicated by a thermometer in a glass section of the outlet 
pipe. 
and stop watch. 
tachometer, driven by a flexible drive. 

Velocity Distribution Measurement. Pulse tube No. 1 was used 
at rest, and when operating at 500 cpm with an amplitude-radius 
ratio of approximately 20 per cent. The air supply was con- 
nected to the normal downstream end. The manometer leads 
and table-tilt indicator were reversed, The pitot-impact tube was 
a No. 26 hypodermic needle ground square and tapered. Its 
outside diameter was 0.016 in. It was moved by a traversing 
gear with a 0.001-in. vernier. Axial and lateral positioning was 
The traverse was made completely across the verti- 


The flow rate was measured by means of a wet test meter 
The motor speed was indicated by a fluid 


done by eye. 
cal diameter from wall to wall. The probe extended '/, in. up- 
stream from the open end of the lucite end pipe, which was 1,25 in. 
long. 


ReviaBILiTy OF Data 


Throughout the experiment it was difficult and often im- 
possible to make check runs on apparent anofhalies. Because of 
the weakness of the 0.010-in. rubber tubing, the pulse tubes had 
a short life expectancy. Therefore it was necessary to explore 
as much as possible of the range of variables without undue repe- 
tition. The life of tube No. 1 was about 80 hr but tube No. 2 
failed in less than 8 hr. Any holes that appeared had to be made 
airtight. The patching caused the loss of the cell and often the 
partial loss of the cell on each side, After a cell had been blanked 
off, the amplitude of the oscillation in the remaining cells was 
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greater, Consequently, data taken after a repair showed higher 
pressure drops than before and reproduction of previous data was 
impossible, This inconvenience could be remedied to some extent 
by using Fig. 5 to find a correction to counteract the increase of 
f/fo with no/a. Slight real error should remain after such a correc- 
tion when the repaired cells were well upstream, or were down- 
stream from the test section. The tubes were considered ruined, 
however, after three cells had been inactivated in the test section, 

During the pulse-tube tests, it was noted that not all the cells 
oscillated at the same amplitude. There was a region of compara- 
tively small oscillations in the entrance section and in the middle 
of the test section. A region of large oscillations occurred in the 
delivery section. These regions did not change much with speed 
or amplitude and could not be shown to be related to any of the 
peculiarities of the pressure-drop measurements, There probably 
was some tendency toward a standing wave in the manifolds. 
This wave changed position slightly with varying frequency. 

The effect of other complications may be pointed out in Fig. 6. 
The curves for no = 0.099a show an extreme example of lack of 
agreement between two runs under apparently the same condi- 
tions. Possibly the effective amplitude was reduced by the 
cushioning effect of a small volume of air in the pump, resulting 
in the lower curve. For m) = 0.050a and frequencies above 1260, 
the data should be considered incorrect because of the failure of 
the differential manometer (AB in Fig. 9) to indicate the true 
pressure drop in the test section, The water manometers (A and 
C in Fig. 9) indicated that the f/f, curves acwually increased at 
approximately the same rate as they did below 1260 cpm. The 
reason for the failure of the differential manometer is not known. 
These data were included in Fig. 6 because the apparent scatter 
in Fig. 4 at » = 0.1994 for frequencies greater than 1600 cpm 
possibly may have had the same cause. Further experimentation 
would be needed to check this possibility, 


ON or THe Gas 


The stability of a fluid flow to an individual disturbance de- 
pends on whether or not the motion of the disturbed fluid will 


= 
= 


1009 
4 
| 
4 
— 


sia 


cause energy from the main flow to be absorbed by the disturbed 
fluid. If energy is absorbed continuously the disturbance region 
will grow and turbulent flow will ensue. If the disturbance energy 
is dissipated faster than it is supplied laminar flow will result. 
The wave-boundary condition of the present investigation, how- 
ever, imposes a periodic disturbance, If the disturbance disrupts 
the laminar flow and causes eddies the flow must be considered 
Whether or not turbu- 
lence will occur in the gas column at Reynolds numbers much be- 
low 2000 will depend on the amplitude and frequency of the waves 
causing the disturbance. The data of Fig. 3 support this hy- 
pothesis, The slope of the constant-frequeney curves for fre- 
quencies over 1500 cpm is approximately 1,3 and indicates tur- 
bulent transition flow at Reynolds numbers as low as 600. For 
the smaller amplitudes of Figs. 1 and 2 the depression of the 
transition Reynolds number is much less. 

The apparent scatter of data in Fig. 3 at frequencies between 
900 and 1500 appears on Fig. 4 as sensitivity of friction factor to 
Reynolds number, Fig. 2 shows that these regions do not repre- 
sent transition to turbulent flow if it is assumed that lines parallel 
to the zero-frequency curve represent laminar flow. The regions 
possibly may be caused by the transition from stable to unstable 
That this transition should occur at higher fre- 


unstable (7) but may not be turbulent. 


viscous flow. 
quencies for higher Reynolds numbers is a peculiar effect. 
tion [8] shows that w, and hence A and B, must be larger for 
higher Reynolds numbers. This equation is the solution to the 
linearized Navier-Stokes equations and, as such, actually will not 
show instability but may give some indication of the roles played 
by the parameters as instability is approached. For a fixed value 
of the amplitude m, a larger value of the frequency, ¥ = n/2m, is 
consistent with a larger A and Reynolds number, Nr. This 
Also, for a larger value of mp, a 
smaller value of frequency may be consistent with stability; this 


trend is clearly shown in Fig. 4. 


trend also is shown in Fig. 4. 

Lord Rayleigh has shown (8), by neglecting friction, that for in- 
finitely small disturbances, instability results for 0 < ka < 1, with 
maximum instability at ka = 0.485. Because of the nonlinearity 
of the vibrating system and the viscous damping, some small 
finite amplitude might be consistent with stability for ka slightly 
less than unity, The ka-value for tubes 1 and 2 were 0.714 and 
0.528, respectively. The data show that for low frequencies the 
air flow was stable even at these small ka-values. For higher fre- 
quencies, however, Rayleigh’s criterion for stability was sup- 
ported. Further, the smaller ka-value gave the greater insta- 
bility. 

On the other hand, finite disturbances may cause instability for 
ka-values greater than unity, From measurements on the photo- 
graphs of Pickrell’s Fig. 212 b (5), a ka-value of 1.57 was esti- 
mated for an amplitude-radius ratio of 0.14. The corresponding 
S/fo value was 63.7, with a Reynolds number of 395. 
quently, the large amplitude-radius ratio was sufficient to cause 
instability for ka > 1, 

As the gas-flow rate increases, so does the natural tendency 
toward instability, because of the increase of Reynolds number. 
Therefore the value of ka, which gives a maximum tendency 
toward instability at about ko = 0.5, increases with the Reynolds 
number until, as shown by Kawaratani’s photographs (3), ka be- 
comes 14 at Nex = 10,000. In other words, the increasing 
tendency toward turbulent flow with increasing Nr leaves a de- 
creasing balance of the total instability requirement to be made 
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up by the combined ka, mo, 3, and A effects. Consequently, at 
higher gas-flow rates, Reynolds number is the important parame- 
ter, 

The lower limit of annular flow is to be expected when the inter- 
no longer sufficient to support the 
This condition must result when, as NR decreases, the 


facial shear stresses are 
liquid. 
air flow tends to be more stable and the instability parameters of 
the waves must approach their maximum effectiveness. When the 
shear stress required becomes more than can be produced by 
the maximum instability consistent with annular flow, annular 
flow breaks down. 


RELATIONS BETWEEN anp Protroryree In Gas-Liquip 
ANNULAR FLOW 
Previous investigators (3, 4, 5, 9) have established that 2), the 
liquid saturation, is one of the most important parameters of 
annular upward gas-liquid flow. Its importance stems from its 
effects on the wave amplitude, on the frequency, and on length as 
follows: 


a) is determined by FR, through 


a) = WI V 1 
air column and tube radii, respectively. 


1 The mean liquid depth (+ 
R,), where a and b are the 
This depth controls 


the equation (b 


the maximum wave amplitude. 

2 The air-column radius is 
bvV1 R, and hence, for a given value of the parameter ka, the 
wave length is determined by the definition X = 27a + ka. 

3 The frequency of the interfacial capillary waves, } = (2240 

\'p)'/*, is indirectly controlled by PR, through A, where @ is the 
surface tension. The parameters mo, A, and ¥ were shown by the 
present investigation to be much more important than Reynolds 
number in the range tested. Consequently, the controlling in- 
fluence of liquid saturation in the prototype can be inferred from 


fixed by the equation a = 


the performance of the model. 

The influence of the parameter ka is an essential part of the 
annular flow phenomenon. It may be considered as an instability 
promoter that makes possible the large lift forces needed at low 
gas-flow rates as discussed in the preceding section of the Ap- 


pendix. 
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Theoretical Calculation of the Equation 


we State and Transport Properties 


By R. 


& & 
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Several years ago a summary article was written (1)‘ 
about the theoretical calculation of the viscosity and sev- 


eral other properties of gases and gas mixtures. Since 
that time further calculations of the equation of state 
and transport coefficients of dense gases and liquids have 
been made. Although the statistical mechanical theory 
is an involved and highly mathematical topic, and al- 
though some of the numerical computations are quite 
complex, the final results, nevertheless, may be presented 
in terms of tabulated functions, which are easy to use in 
practical calculations. The formulas and tables given in 
this paper should prove useful in engineering-design calcu- 
lations and in chemical-process studies. Furthermore, 
the underlying statistical mechanical theory whenever 
possible should be used to give intelligent interpretation 
to the analysis and correlation of chemical and engineer- 


ing data on the properties of matter. pan 2), -. 
pelt - 


NOMENCLATURE 


The following nomenclature is used in the paper: 


gas constant 
Boltzmann constant = R/N 
Avogadro number 

Planck’ 
mole fraction and molecular weight of ith chemi- 


constant 


eal species in a mixture 
temperature 


pressure 
volume per mole 


volume per molecule 


1 Part of this work was carried out under Contract NOrd 9938, 
Navy Bureau of Ordnance. 

2 Department of Chemical Engineering, University of Wisconsin. 

* University of Wisconsin, Naval Research Laboratory, Depart- 
ment of Chemistry. 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Heat Transfer Division and presented at the 
Annual Meeting, New York, N. Y., Novernber 29—December 4, 1953, 
of Tue American Soctery or MecHanicaL ENGINEERS, 

Note: This paper is very similar to chapter 5.5, prepared by the 
authors for the ‘‘Handbook of Physics,”’ edited by E. U. Condon, 
MecGraw-ifill Book Company, New York, N. Y., 1954. A detailed 
discussion of the material contained in this survey may be found in 
“The Molecular Theory of Gases and Liquids,”’ by J. O. Hirschfelder 
C. F. Curtiss, and R. B. Bird (to be published in 1954 by John Wiley 
& Sons, Inc., New York, N. Y.). in this book (hereinafter referred 
to as MTGL) there is given 4 discussion of the theoretical basis for 
the formulas presented in this paper, and many numerical examples 
are given in order to illustrate the use of the formulas and the accom- 
panying tabulated functions. The material discussed in this paper 
is given in chapters 3,4,8,and9o0f MTGL. The nomenclature used 
here is the same as that in the book. 

Statements and opinions advanced in papers are to be understood 
as individual expressions of their authors, and not those of the 
Society. Manuscript received at ASME Headquarters, August 13, 
1953. Paper No. 53-—A-87. 
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density (mass per unit volume ) 

number density (number per unit volume ) 
intermolecular potential-energy function 

)in intermolecular 
function (¢ ngstrom 


parameters (‘force constants” 


potential-energy is in 
units, €/k in °A) 

dipole moment of molecule 

polarizability of molecule 

third, fourth virial coe seffic ients 

coefficients of diffusion, thermal con- 
ductivity (‘transport coefficients” ) 

thermal-diffusion ratio 


second, 


viscosity, 


zero pressure Joule-Thomson coeflicient 

ratio of specifie heats 

surface tension 

integrals in terms of which transport coefficients 

of dilute gases are expressed (Table 3) 

* which occur 
in formulas for transport. coefficients of dilute 
gas mixtures (Table 3) 

fo™ = functions which give higher approximations to 
transport coefficients (Table 3) 


special combinations of the Q% 


o (superscript) = limiting value at zero pressure 


quantity per mole 

quantity evaluated at critical 

quantity made dimensionless by dividing 
by corresponding value of quantity at 
critical point 

quantity made dimensionless by dividing 


Ve, 


(above symbol) = 
(subscript) = 
r (subseript) = 


R (subseript) 
by appropriate combinations of p,, 
quantity made dimensionless by dividing 
by proper combination of o and € 
= quantity made dimensionless by dividing 
by combinations of o and € in such a 
way as to make use of rigid aphe re quan- 


* (superscript ) 


* (superscript) 


tities 
kT /e 
v/o* 


u/ Va? 


t PorentiAL Enercy or INTERACTION Between Two 
CULES® 


In statistical mechanical theory one does not usually work in 
terms of the force of interaction between two molecules, but rather 
in terms of the potential energy of interaction g. If g depends 
only upon the intermolecular distance r, then —-~d g/dr is the force 
acting between the two molecules. 


® The theory of intermolecular forces ham been discussed in review 
articles by London (2) and Margenau (3). An elementary discussion 
of the subject may be found in MTGL §1.3, and a complete survey is 
given in MTGL chapters 12, 13, 14 
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In principle the dependence of g on the separation between two 
interacting molecules and their mutual orientation can be ob- 
tained by a priori quantum mechanical] calculation. In practice, 
however, attempts along this line have yielded results for only the 
simplest of atoms and molecules, Accordingly, it is customary to 
use empirical potential-energy functions (sometimes referred to 
as “molecular models’) with several adjustable parameters and 
to determine these parameters from experimental measurements 
of bulk properties in conjunction with the statistical mechanical 
caleulations of the same properties, 

(a) Empirical Potential nergy Functions for Nonpolar and 
Polar Molecules. At the present time the most used potential 
energy function for nonpolar molecules is the Lennard-Jones 
(6-12) potential and for polar molecules the Stockmayer potential. 
These empirical functions are as follows: 


Lennard-Jones (nonpolar) 
Stockmayer (polar) 


o 
g(r, b: — oi) = Ae ) ( 
= 
in which o and € are adjustable parameters (or “force con- 
tants’), characteristic of the chemical species of the colliding 
molecules. 

In the Lennard-Jones potential the r~* term is a very good first 
approximation to the long-range attractive forces, and the r~™ 
term is a fair approximation to the short-range repulsive forces. 
The parameter € is the maximum energy of attraction, and @ is 
that value of r for which 9g is zero (see Fig. 1). The Lennard- 


REPULSION 


ATTRACTION 


Fria. 1 Lennarp-Jones Porentiran Eneray or Mo.Lecuiar 
INTERACTION AS A Function or Distance r Between THE Two 
MoLecuLes 
(Distance rm, which corresponds to minimum in g(r) is W/2 ¢. Whenr > rm 


molecules are attracted to one another; when r < rm molecules repel one 
another.) 


Jones potential has been shown to be reasonably good for repre- 
senting the interaction between spherical (and almost spherical) 
nonpolar molecules 

In the Stockmayer potential the r 6 and r~'* terms have the 
same significance as in the Lennard-Jones potential, but the 
parameters o and € have to be interpreted somewhat differently, 
The r~* term represents the long-range attraction between two 
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point dipoles, the mutual orientation of which is described by the 
angles 6,, and ¢2— The function f(A, 9, d: — is equal 
to [2 cos 8, cos 6, — sin 6, sin 8, cos (@: — ¢1)]), and wis the dipole 
moment of a single molecule. The Stockmayer potential is 
reasonably good for simple polar molecules, For complex polar 
molecules, however, it is less appropriate, inasmuch as the angle 
dependence of the short-range repulsive forces and the dipole 
quadrupole interaction are not taken into account. 

(b) Determination of Parameters in Empirical Potential-Energy 
Functions, The parameters o and € in the Lennard-Jones 
potential are most satisfactorily determined from experimental 
second virial coefficients or viscosity coefficients in conjunction 
with the statistical mechanical formulas for these properties 
which are given in sections 2 and 4. In Table 1 is given the most 
complete tabulation available for these parameters. Also given 
is the value of bp = (2/3)aNo', which is used in equation-of-state 
calculations. If by is in em* mol~! and @ is in Angstrém units, 
then bo = 1.26150°. 

Frequently viscosity and second virial-coefficient data are not 
available for obtaining these potential parameters. Then use 
must be made of empirical relationships to estimate the o and € 
of the Lennard-Jones potential from the properties of the sub- 
stance at its critical point (c),* its melting point (m), its boiling 
point (b), and its Boyle point (B), or the absolute zero (z). These 
relations are given in terms of €/k (in °K) and be (in em’ mole~'). 


e/k = 0.77T, bo = 0.757, = 18.47 ./p, 
e/k = 1.157, bo = 2.07,0 

e/k = 1.92T,, b = 2.37,,0 

= 0.292T, 

be = 2.2937, 

These formulas may be used to estimate potential parameters for 
the Lennard-Jones potential, and the parameters in turn may be 
used to calculate the equation of state and the transport co- 
efficients with the aid of the formulas and tables given in subse- 
quent sections. 

In Table 2 is given the most complete tabulation available of 
the parameters o and ¢€ for the Stockmayer potential as deter- 
mined from experimental second virial coefficients. In addition, 
the parameter (* = = This quantity 
is a measure of the deviation of the properties of polar substances 
from nonpolar behavior. 

(c) Empirical Combining Laws for Interactions Between Two 
Dissimilar Molecules. The potential parameters given in Tables 
1 and 2 are for interactions between molecules of the same 
chemical species. In the calculation of the bulk properties of 
mixtures it is necessary to know the potential-energy function 
describing the interaction between pairs of molecules of different 
species. The best way to obtain this information is from the 
temperature dependence of gaseous binary diffusion coefficients. 
In view of the fact that only meager diffusion data exist, it is 
necessary to employ empirical combining laws, which have been 
demonstrated to be reasonably adequate (1). These laws are as 
follows: 


(i) Nonpolar-nonpolar interaction: The interaction of two 
nonpolar molecules of species 1 and 2 is described by the Lennard- 
Jones potential, where the parameters @ and € are given by 

1 

é 


where o, and €, are the parameters appropriate for molecules of 
the ith species as given in Table 1. 


*A complete summary of values of the critical constants has been 
compiled recently by Kobe and Lynn (4). 
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(ii) Polar-polar interaction: The interaction of two polar 

molecules of species | and 2 is described by the Stockmayer po- 

tential, in which the parameters o and € are given by Equation 

[1.4], were o, and €, are the parameters given in Table 2. Also, 

the parameter (* characteristic of the unlike interaction is given by 
=— 


V8 €2012' 


» 


oe i, is the dipole moment of the ith type of molecule and ¢, 
is the quantity defined previously and tabulated in Table 2, 


(iii) Nonpolar-polar interaction: The interaction between a 
polar molecule p and a nonpolar molecule n is described approxi- 
mately by the Lennard-Jones potential (1) in which the parame- 
ters o and € are given by 


Om = (0, = Vee (1.6) 


in which the factor £ is given by 


1 


The parameters @,, and €, are obtained from Table 1, and a,, €,, 
t,* are obtained from Table 2. The quantity @,* is the polariza- 
bility of the nonpolar molecule a, divided by o*. 

(d) Present Status of Theory of Intermolecular Forces. Quantum 
mechanical calculations have given us a considerable amount of 
information about the theory of the forces between spherical 
molecules at distances from one another which are large with re- 
spect to molecular dimensions (2, 3, 61). The theory of these 
long-range forces has also been worke!l out for asymmetric 
molecules by London (5) and for long conjugated double-bond 
molecules by Coulson and Davies (6). The a priori calculation of 
the potential energy of interaction for all values of the separation 
has progressed very little beyond the interaction of two noble gas 
atoms (7) and of two hydrogen molecules (8). The inherent 
numerical difficulties in calculating the forces between more 
complicated molecules are exceedingly great. Advances along 
this line are to be expected, however, along with the development 
of larger electronic computers. 

Another approach to the study of intermolecular forces is to 
determine the adjustable parameters in empirical potential- 
energy functions which are more realistic and hence more elabo- 
rate than the Lennard-Jones and Stockmayer potentials. For 
spherical nonpolar molecules Buckingham and Corner (9) have 
proposed a potential-energy function which contains an addi- 
tional attractive term proportional to r~* to account for the in- 
duced dipole-induced quadrupole interaction, and the repulsive 
For nonspherical mole- 


part of which is of an exponential form. 
cules several models (which are extensions of the Lennard-Jones 
potential) have been proposed—one by Corner (10) and a some- 
what simpler one by Kihara (11). 

For polar molecules Rowlinson (12) hes suggested that the 
Stockmayer potential be modified by the inclusion of a term 
proportional to r~‘, which represents the dipole-quadrupol? in- 
teraction. The success of this semiempirical sort of an approach 
is definitely limited by the lack of very accurate experimental 
measurements of the bulk properties which are needed for the 
unique determination of the adjustable parameters in the poten- 
tial functions. Furthermore, a considerable amount of informa- 
tion needs yet to be compiled about the quadrupole and higher 
multipole moments of molecules; it is hoped that such informa- 
tion eventually will be obtained from the analysis of the pressure- 
broadening of microwave spectra (13, 14) 
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2 Equation or State or Ditute Moperate.y 
GASES 


At very low pressures and high temperatures the pressure of a 
gas is given by the ideal gas law, pV = NkT. The thermody- 
namic properties of a gas under such conditions (that is, the so- 
called ‘‘zero-pressure”’ properties) can be calculated by means of 
statistical mechanics for substances consisting of polyatomic 
molecules. The complete details of the theory are given in the 
textbook of Mayer and Mayer (15) and are summarized from the 
point of view of practical computations in the chemical-engineer- 
ing text of Hougen and Watson (16). 

Two approaches have been used in the study of the deviations 
of the equation of state of gases from the ideal gas law. One 
method leads to an expression for the pressure in terms of the — 
“configurational integral” Qy, which (for angle-independent po- 
tential functions) is 


ad V N 
lo 
exp ( dridrz... dry 


The quantity (1/2)22¢y(r,,) is just the total potential energy .. 
the molecules in the gas in a given configuration, and N is total 
number of molecules in the gas. The second method leads to an 
expression for the pressure in terms of the “radial distribution 
function” g(r). The latter is so defined that (N*/2V) g(r) 
4rrtdr is the number of molecules for which the separation lies 
In terms of these quantities the equation 


between rand r + dr 
of state is written as 7 


pV = kT(OIn Qy/OIn 


N? d 
pV = NkT — g(r)r 
OV dr > 


It has been established that these two expressions for the equa- 7 
tion of state are equivalent (17). These two equations form the 
starting point for the theoretical and computational results dis- 
cussed in this and the following section. It should be noted that 
if g(r) = 0 (ie., no intermolecular forces), then Equations [2.1] ‘ 
and [2.2] both reduce to the ideal gas law. 

(a) Virial Form of Equation of State. It is possible to develop 
both In Q,y and g(r) a8 power series in the number density N/V. 
This allows the equation of state to be written in the “virial ex- 


pansion” form 
pV BT) D(T) 


@ 
in which B,C, D,.... are the second, third, fourth, ... . 
For some purposes it is more convenient to write this 


virial 
coefficients 
expansion in terms of powers of the pressure 


pv 
RT 
in which = B/RT and C’ = (C — 
efficients are functions of the temperature only and are given as 
integrals which contain the intermolecular potential function ¢. 
For angle-independent potentials (such as the Lennard-Jones 


= | B'(T)p + C'(T)p? + D'(T)p* +.... 


The virial co- 


potential) the second and third virial coefficients are given by 


BCT’) = f, 


PPR 
C(T) = — / / Sia Sis fea 


(integral over all rya,Tia, Tes Which form a triangle) 


| 
| 
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TABLE 1 FORCE CONSTANTS FOR LENNARD-JONES (6-12) POTE NTIAL® 


Notes:l) Whenever possible the parameters obtained from viscosity data should be 
used for making transport property calculations, and parameters from 
experimental second virial coefficients should be used for calculations of 
equation of state and thermodynamic properties. | _ 


For the lighter gases two sets of force constants are given: those labeled 
"Cl", which were determined using classical formulae, (which are not 
strictly applicable), and those labeled "Qu", which were obtained from 
quantum mechanical formulae The latter are the true force constants 
while the former are only "effective"force constants. For accurate calcu- 
lations and for extrapolations to high temperature the "Qu" parameters 
must be used -- in conjunction with the quantum mechanical formulae 

and tabulated functions. The "Cl" parameters are useful for rough calcu- 
lations -- in conjunction with the classical formulae and tabulated functions. 


Force constants are given here for a number of substances which are polar 
and/or non-spherical and hence are not described by the Lennard-Jones 
potential. These constants along with the tabulated functions based on the 
Lennard-Jones potential may, however, be useful for purposes of calcu- 
lations until the theory needed for describing complex molecules has been 
developed. 


Where two sets of force constants obtained from viscosity data are shown 
the temperature range of the data from references a, c is from 80° K to 
300°K, and for the data in reference e is generally in the range from 
300°K to 1000°K. 


Force Constants from Viscosity Force Constants from Second Virial 

Coefficients 

for for 

(8) Data (°K) (A) (cc/mol)| Data 


Light Gases 


He(Qu) - 21 


He(Cl) 2.576 18. 
H - 31 


H (Cl) 2.968 é 87 29. 
2.915 
D(Qu) 37.00 | 2.928 31. 


D,(C1) 2.948 31.1 | 2.87 29. 


@ Tain table is an augmentation of a table given in J. O. Hirschfelder, R_ B. Bird, E. 1. Spotz, Chemical sad vol. 4, 100, pp. 205-231. } 
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TABLE 1 (Continued) 


Force Constants from Viscosity Force Constants from Second Virial 
Coefficients 

Refs. e/, b> 30 N oc? Refs 

for for 

(°K) (X) Data (°K) (cc/mol) Data 


Noble Gase} 
Ne 


;Simple Poly- 
atomic Gases 


Air 


{ 
q = * 
a 
GAS 
| 
35.7 2.789 a 35.60 | 2.749 26.21 
27.5 2. 858 e,f,g 34.9 2.78 27.10 a 
‘ A | 124 3.418 a 119.8 3.405 49. 80 po 
3, 465 e 122 3. 40 49.58 
Kr ‘| 190 3.61 b } 171 3. 60 58. 86 a 
158 3.597 58.7 
Xe | 229 4.055 l 221 4.100 86.94 
! | 217 3.963 78.5 
— 97.0 3.617 c 99.2 | 3.522] 55.11 K 
| 84.0 3. 689 e,f, j 102. | 3.62 60. 34 L 
| No 91.5 3.681 c 95.05 3.69¢ 63.78 M 
79.8 3.749 e,h 95 9 | 3 71 64.42 E 
113. 3,433 c 117.5 3.58 57.75 H 
88.0 3.541 e 118 | 3.46 52. 26 L dg 
noe) 110. 3. 590 ¢ 100.2 | 3.763 67.22 N 
| 88.0 3. 706 e, h 
co, 190. 3.996 c 189 4. 486 113.9 P 
| 213 3.897 205 4.07 85.05 Q 
| No 119 3.470 c 131 3.17 40. R 
N,0 220 | 3.879 c 189 4.59 122. R 
237. 3.816 i 
CH, 137. 3. 882 c 148.2 | 3.817 70.16 S | 
144. | 3.796 k 
CF, 152.5 | 4.70 131.0 T 
cCcl, 327 5. 881 b < ‘ 
SO2 252 4 290 e 
200.9 | 5 51 211.1 T 
F> 112 3.653 ; ‘ ‘ 
a 
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TABLE 1 (Continued) 


Force Constants from Viscosity | Force Constants for Second Virial 

Coefficients 

e/k b= 3nN 3° Refs. 
for 

(°K) ( ( (cc/mol) | Data 


Other inorganic 
Vapors: 

HC 1 
HI 
AsH, 
Hel, 
HgBrs 
SnBr 
Hg 


Hydrocarbons 
CH:CH 
“Cod CH» 
Cc 

n-C4Hj9 

i 

n- 

= 


crn on 


-CaHig 
n-CoH 4 
Cyclo- 


hexane 


Other Organic 

Vapors; 

CH,0H 

C,H,OH 

CH,Cl 

CH,Cl2 

CHCl, 

COS 

CS2 


q 
8 - - - 

ate ; 205 199.2 | 4.523 116 7 U 
230 243 3.954 78. H 
254 242 5.637 226. H 
410 297 4.971 155. H 

413 - - - - 

4 282 8. 88 884. H 
320 7.451 

ty 
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A—A. Michels and H. Wouters, Physica, 8, 923 (1941) 
B—A. Michels and M. Goudeket, Physica, 8, 347 (1941) 
C—A. Michels and M. Goudeket, Phoaken, 8, 353 (1941) 
D—R. A. Buckingham, Proce. Roy. Soc., A168, 264 (1938) a 9 
E—L. Helborn and J. Otto, Zeits. fiir Phys., 33, 1 (1925) 
ae Michels, Hub. Wijker, and Hk. Wijker, Physica (1949) 

—J. rr satin R. J. Barriault, and J. 8. Brierley, J. Chem. Phys., 20, 163, 


H—D ste Xewitt, “Design of High Pressure Plant and the Properties of 
Fluids at High Pressures,”” Oxford (1940) 

J—J. A. Beattie, R. J. Barriault, and J. 8S. Brierley, J. Chem. Phys., 
(1951) 

K—L. Holborn and H. Schultze, Ann. der Physik, 47, 1089 (1915) 

L—L. Holborn and J. Otto, Zeits. far Physik, 10, 367 (1922) 

M—A. Michels, H. Wouters, and J. de Boer, Physica, 1, 587 (1934) 

N—J. Corner, Proce. Roy. Soe, 58, 737 (1946) 

Michels and C. Michels, Proce. Roy. Soc., A153, 201 (1936) 

K. E. MacCormack and W. G. Schneider, J. Chem. Phys., 18, 

(1950) 


Q 1269, 
R— Hirschfelder, F. T. MeClure, C. F. Curtiss, and D. W. Osborne, 
NDRC Report Al1l6 (November, 1946) 
S—A. Michels and G. W. Nederbragt, Physica, 2, 
T—K. E. MacCormack and W. G. Schneider, J 
(1951) 
U—A. Michels and M. Geldermans, Physica, 9, 967 (1942) 
L. Johnston and E_ R. Grilly, J. Phys. Chem, 46, 938 (1942) 
b—Landolt-Bornstein, ‘‘Physikaliseh-Chemische Tabellen” 
c—H_. L. Johnston and K. E MeCloskey, J. Phys. Chem., 44 
d—A. van Itterbeek and A. Claes, Physica, 5, 938 (1938) 
e—M_ Trautz, A. Melster and R. Zine, Ann. de — (5), 7, 409-45 
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{—M. Trautz and H. E. Binkele, Ann. de Physik %5), 5, 461 (1930) (Hi» 
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h—M ea and P. B. Baumann, Ann. d. Physik (5), 
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r—H_ Braune, R. Basch and W. Wentzel, Z. Phys. Chem., A137, 
(1928) 

s—T. Titani, Bull Chem. Soc. Japan, 5, 98 (1930) 

t—T. Titani, Bull. Chem. Soc. Japan, 8, 255 (1933) 

u—L. F. Epstein and M. D. Powers, J. Phys. Chem. (to be published) 


1000 (1935). 


Chem. Phys., 19, 849, 


1038 (1940) 
2 (1930) 
Ne, 
Zimmerman, Ann. d, Physik (5), 22, 189 (1935) (He, 
2, 733 (1929). (Hs, Air, 
(1931) (Ils, COs, 


Physik (5), 9, 981 


176, 447 


where fix = fexp[—¢(ri2)/kT] — 1}. For angle-dependent po- 
tentials (such as the Stockmayer potential) B(7') is given by a 4- 
fold integral and C(7') by a 9-fold integral, since g and the f;,; are 
both angle-dependent. The second virial coefficient basically 
describes the deviations from the ideal gas law pV = RT due to 
binary collisions. The third virial coefficient describes the devia- 
tions due to ternary collisions. Thus, as the density of a gas is in- 


_ereased, more virial coefficients are needed to explain the p-V-T 


* 


™ 


behavior. 

(b) Virial Coefficients for Nonpolar Gases. The second and 
third virial coefficients have been evaluated for nonpolar mole- 
cules (Lennard-Jones potential) and the results may be expressed 


in the very simple form 
B(T) = ae 


C(T) = beC*(T*) 

The functions B*(7*) and C*(7"*) are given in Table 3(a). The 
parameters o and €in the Lennard-Jones potential enter into the 
expression through the unit of volume by = (2/3)rNo? and the re- 
duced temperature = kT’/e. Thus the potential parameters in 
Table 1 can be used to calculate B(7’) and C(T) for nonpolar 
molecules from Table 2. It has been found that the agreement 
between the experimental and calculated B(7’) ia excellent, and 
that for C(7') it is moderately good (18). Also given in Table 
3(a) is the function [7'*(dB* /dT*) — B*) which is simply related 
to the zero-pressure Joule-Thomson coefficient u° 


=b [ 


C,° is the zero-pressure heat capacity per mole at con- 


dB* 
dT* 


in which 
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stant pressure. Agreement between experimental and calculated 
values of u sie has been found to be extremely good (60). 

(c) Virial Coefficients for Polar Gases. The second and third 
virial coefficients also have been evaluated for polar molecules 
(Stockmayer potential) and the results are given simply as 


B(T) = t*) [2.10] 


The functions B*(7'*, t*) and C*(7"*, ¢*) are given in Tables 4(a) 
and 4(6). (These functions for (* = 0 are the same as those for 
the Lennard-Jones potential.) Here the o and € of the Stock- 
mayer potential enter into the expressions through by = (2/3 \"Na4 
and 7'* = k7'/e and, in addition, in the quantity ¢*, which isa 
measure of the deviation from nonpolar behavior. Hence the 
potential parameters in Table 2 may be used to calculate B(7') 
from Table 4(a) and C(7') from Table 4(b) for polar molecules, 
What few good experimental measurements are available indicate 
that the use of these tables gives reasonably good agreement with 
experiment. See Ref. (a), Table 4(b). 
prepared for calculating Joule-Thomson coefficients of polar gases 
(see MTGL, Table ITB) 

(d) Virial Coefficients for Mixtures of Gases, Thus far the dis- 
cussion has been restricted to the calculation of the equation of 
state for pure sulstances. The virial equation of state, Equation 
[2.3] also may be used for multicomponent mixtures containing 
both nonpolar and polar components. For a mixture made up of 
v-components the second virial coefficient is given by 


Tables also have been 


The quantity B,, is the second virial coefficient for the pure j™ 


substance, calculated sceording to Equation [2.7] if that sub- 
stance is nonpolar or according to Equation [2.10] if that 
substance is polar. The quantity By; is the 
efficient calculated for a hypothetical substance, characterized by 
intermolecular potential parameters o,, and € 4, appropriate for 
the various interactions between pairs of dissimilar molecules in 
the gas. The following table indicates how the B,, are to be 
calculated: 

ye} 


second virial co- 


B* is 

Nature and ej to be tabu- 

computed from lated 
Fqua- in 
tion Table Bi; given by formula table 


(? B* (kT 3 


Nature 
of at 
mole- 
cule i 
Non- 
polar 


Non- 
polar 


mole- 
cule 


Non- 


polar 1.4] 


B* (kT 3 


Polar Polar {1.: 2 (° B* (kT 

It is 
gaseous mixtures exactly by use of the tables given here 
as the C,,, have not been evaluated for the Lennard-Jones and 
the Stockmayer potentials. A method for estimating these quan- 
tities, nevertheless, has been proposed (18). 

(e) Present Status of Theory, Calculations, and Experimental 
Data, The status of the theoretical development of the equation 
of state at In fact, the 
virial expansion is one of the cleanest-cut developments in the 
subject of statistical mechanics. 
has been developed as well as the classical theory (17). The only 
assumption which goes into calculations based upon the theory is 
that of the potential-energy function describing the molecular 


not possible to calculate the third virial coefficient of 
, inasmuch 


moderate densities is quite satisfactory. 


The quantum mechanical theory 


q 
é 
4 
&§ 
- 
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FORCE CONSTANTS FOR STOCKMAYER POTENTIAL G 


b, (cc/mol) = 63/3 = 1 2615 | | > 


t* <= (8) 71/2), pe = 


Ref. 

(R) for 

B(Tydata 


Substance (debyesf ) t* 


CHCI 
HCl, 
CHC1,F(*) 
C2H5C1 
CH,Cl 


CH,COCH, 


CH,0H 


me! 
CH3F 


CH3;CHO 1.4 270 62.75 

Lambert, Roberts, Rowlinson and Wilkinson, Proc. Roy. Soc., Al96, 113 (1949) 
"Thermodynamic Properties of Dichloromonofluoromethane", Kinetic Chemicals 
Inc. (1939) 
"Methyl Chloride", E. I. du Pont de Nemours & Co., The R & H Chemicals 
Department, 5th Ed., (1940) ool 
F. G. Keyes, J.A.C.S., 60, 1761 (1938) has correlated the experimental data of 
C.H. Meyers and R. S. Jessup, Refrig.Eng., ll, 345(1925); J. A. Beattie and 
Cc. K. Lawrence, J.A.C.S., 52, 6 (1930) 
A. Michels and A. Visser, (in preparation) 
F. G. Keyes, L. B. Smith, & H. T. Gerry, Proc. Am.Acad.Arts Sci. 70, 319 
(1936); S.C. Collins & F. G. Keyes, ibid., 72, 283 (1938) _ 
Alexander and Lamber, Trans. Faraday Soc., 37, 421 (1941) 


The force constants for CHC19F are those calculated in the illustrative example 

in Section§l0c. of MTGL. 

From a table given by J. S. Rowlinson, Trans.Far.Soc., 45, 980 (1949) 

The values given for CH3F were calculated by R. J. Lunbeck and C.A.ten Seldam, 
Physica 27, 788 (1951) 

debye = 1 x 10718 e.s.u. 


‘ on ik. 
— 
i 
(°K) 
1.05 0.1 1060 2.98 33.45 a 
1.29 0.1 381 4.82 141. 5 
2.02 0.2 320 5.41 199.7 | a 
1. 89 0.6 380 3.43 50.73 ¢ 
ee fF 2.74 0.7 520 2. 76 66 87 a 
| 1. 66 0.8 630 2. 40 17. 48 a 
N 1.47 1.0 320 2. 60 22.12 d 
1. 82 1.07 207 3. 36 47.85 e 
(4 
| 
— 
= 


~ ab 
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TABLES 3(a FU NC TIONS USED IN CALCULATIONIOF PROPERTIES OF DILU TE AND MODERATELY DENSE NONPOLAR GASES ~— = 
LENNARD-JONES POTENTIAL = 


anor x 


o* 
Heavy \setopes 
0.086 
0.035 
0.002 
0.032 


B* 


. 662 
. 476 
. 318 
. 184 


. 785 
. 628 
. 368 


. 880581 
. 754895 
- 798835 
. 754975 


.066 
966 
.877 
. 798 
. 729 


. 257 
. 156 
.065 
. 982 
.908 


0.048 
0.059 
0.063 
0.063 
0.057 


. 720205 

. 2740858 
. 1979708 
. 3681918 
. 7100370 


- 3.37664 


. 667 
612 
. 562 
.517 


0.049 
0.039 
0.025 
0.010 


- 1.79197 
- 0. 84953 
- 0.27657 
+ 0.07650 


. 841 
. 780 
725 
.675 


. 1759283 
7342254 
. 3631193 
0471143 


. 66 


65 


. 70 


. 7749102 


. 5380814 
. 3302208 
. 1463742 


9826492 


1. 8359492 


. 7037784 
- 5841047 
. 4752571 
. 3758479 
. 2847160 


1. 2008832 
1. 1235183 
1.0519115 
0. 

0.92361639 


98545337 


WW WwW WwW 


0. 29509 


0.42966 
0.51080 
0. 55762 
0. 58223 
0. 59240 


0.59326 
0. 58815 
0.57933 
0. 56831 
0. 55611 


0. 54339 
0. 53059 
0.51803 
0. 50587 
0.49425 


. 476 


439 
. 406 
. 346 
. 320 


. 296 
273 
233 


. 182 
. 167 
. 140 


. 629 


587 
549 
.514 
482 
452 


424 
. 399 


314 
. 296 
. 279 
. 264 
. 248 


0.005 


0.019 
0.033 
0.047 
0.066 
0.080 


0.099 
0.108 
0.127 
0.141 
0. 155 


0.169 
0.183 
0.197 
0.211 
0.221 


® The quantities tabulated in the first three e 
tabulated in the last three columns are taken J.O. Hirse hfelder, Bird, ead 


olumns are tak 


n fr 


1 R. B. Bird, Doetoral Dis 
L. 


rtation, University of Wisconsin (1950) 


The quantities 


Spe ae Journal of Chemical Physica, vol. 16, 1948, p. 968 


0.301]| -27 104. 488 2 
0.35 || -18 64.003 
0.40 || -13 44.066 
-10 32. 744 2 
0. 50 25. 644 is 2 
0.60 |! 17. 4468 
0.65 14.9137 l 
0.70 4 12.9672 j - 
0.75 | 11.4299 l 
0.80 10. 1884 
0.85 9. 1665 
0.90 - 3 8. 3120 
1.00 663 
1.05 |! 1279 
1.10 |} 570 l 
1.15 419 ] 
| 1.20 | - 734 
| | | 
1.25 || | 442 l 
1.30 | 483 l 
1.35 | 810 
1.40 || 385 
1.45 174 } 
6150 
9529 


TRANSACTIONS OF THE ASME 


(Continued) 


a" 


T 
Heavy Isotopes 


86594279 
. 81203328 | 


. 76153734 
. 71414733 
. 669590 30 


62762535 | 


. 55063308 
. 48170997 
. 41967761 
. 36357566 


. 31261340 
. 26613345 
. 22358626 
. 18450728 
. 14850215 


. 11523390 
. 08441245 

05578696 
02913997 
. 00428086 


.01895684 
. 04072012 


. 06113882 


08032793 


09839014 


11541691 
13149021 


. 14668372 


. 16106381 
. 17469039 


mi 


2.8105 
2.6894 
2.5706 
2.4595 
2. 3553 


2.2573 
2.0782 
1.9183 
1.7749 
1.6455 


1.5281 
1.4213 
1. 3236 
1. 2340 
3. 515 


1.0752 
1.0046 
0.93906 
0.87802 
0.82104 


0.76776 
0.71782 
0.67094 
0.62684 
0. 58528 


0. 54607 
0.50900 
0.47392 
0.44067 
0.40912 


. 128 
116 
.094 
.084 


.075 
.026 
.012 


. 9996 
. 9878 
.9770 
. 9672 


. 9490 
9406 
. 9328 
.9256 
.9186 


ooooo sooo 


-9120 
. 9058 
. 8998 
. 8942 
. 8888 


0 
0 
0 
0 
0 


. 8836 
8788 
8740 
. 8694 


o 


. 234 
221 
209 
19% 
. 186 


. 156 
122 
- 107 


.093 
.069 
-058 
.048 


.039 
.030 
.022 
-014 
.007 


-9999 
9932 
. 9870 
9811 
-9755 


socoo 


. 9700 
. 9649 
. 9600 


ooo oo 


. 230 
. 244 
£93 
. 263 


coooco 


. 286 
305 
. 323 
337 
. 356 


coooco 


. 370 
383 
. 397 
. 420 


oocco 


434 
443 
. 447 
. 461 
. 466 


cooocco 


.475 
.479 
. 489 


oooco 


. 507 
520 
525 


coooco 


TOBER, 1954 
2.00|| -o 43710 
2.10/) 42260 
2.30|| -¢ 39900 
2.50} -¢ 38108 
Be 2.80] -¢ 36173 
3.00|| -0 35234 
3.10}| -¢ 34842 
3.20|| -0 34491 
3.40)| -0 33894 

3. 50 0. 33638 

3.60|| 0 0. 33407 

3.70) 0. 33196 

4.10|| 0 0. 32510 
4. 30 0. 32238 
4.40|| 0 0. 32115 
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x Loe a, x 
dT | Heavy Isotopes 
4.50 | 0. 18761774] 0.37914 . 32000 0. 8610 0.9464 0.529 
4.60 | 0.19989511| 0.35062 . 31891 0. 8568 0.9422 0.533 
. 4.70 | 0.21156728] 0.32346 . 31788 0. 8530 0.9382 0. 538 
4.80 | 0.2267507 0.29756 . 31690 0.8492 0.9343 0. 543 _ 
4.90 | 0.23325577| 0.27285 31596 0. 8456 0.9305 0. 542 
5.0 0. 24334351] 0.24925 31508 0. 8422 0.9269 0. 547 
6.0 O. 32290437] 0.06107 . 30771 0.8124 0. 8963 0.578 aoe 
7.0 0. 37608846 | - 0.06783 . 30166 0. 7896 0. 8727 0.591 ; f 
8.0 0. 41343396 | -0. 16095 . 29618 0. 7712 0. 8538 0. 604 
9.0 0. 44059784 | - 0. 23090 . 29103 0. 7556 0.8379 0. 607 
10.0 0. 46087529 | - 0.28501 0. 28610 0. 7424 0. 8242 0.616 
20.0 0. 52537420 |- 0.49671 0. 24643 0. 6640 0. 7432 0.625 n 
30.0° | 0.52692546 |- 0.54442 1021954 0. 6232 0.7005 0.627 
40.0 0. 51857502 |- 0.55789 20012 0. 5960 0.6718 0.625 
50.0 0. 50836143 |- 0.56001 . 18529 0. 5756 0. 6504 0.623 ae 
Ne. 
60.0 0.49821261 |- 0.55758 17347 0. 5596 0. 6335 0.622 
70.0 0. 48865069 |- 0.55316 . 16376 0. 5464 0.6194 0. 621 ; 
80.0 0. 47979009 |- 0. 54787 . 15560 0.5352 0. 6076 0. 621 
90.0 0. 47161504 |- 0.54226 14860 0. 5256 0.5973 0. 620 
100.0 0. 46406948 |- 0. 53659 . 14251 0.5170 0. 5882 0. 619 = 
200.0 0. 41143168 |- 0. 48897 10679 4644 0. 5320 0.615 4 
300.0 0. 38012787 |- 0.45665 08943 0. 4360 0. 5016 0.612 
400.0 0. 35835117 |- 0.43310 07862 4170 0.4811 0.611 | 
interaction. A good survey of the equation of state and inter- | molecular gases are available over limited ranges of ee ced 


molecular forces has recently been given by de Boer (61). 

Practically no caleulations of virial coefficients higher than the 
third have been made. The higher coefficients are exceedingly 
sensitive to the exact shape of the potential-energy function, and 
hence little would seem to be gained by their calculation until 
more information is obtained about the nature of the intermolecu- 
lar interaction. 
have been made for potentials more complex than the Lennard- 
Jones and the Stockmayer potentials. 

For spherical nonpolar molecules Rice and Hirschfelder (19) 
have evaluated B(7’) for a three-parameter Buckingham poten- 
tial, which includes an r~ attraction term and an exponential re- 
pulsion term. For elongated molecules calculations of B(T') have 
been made by both Corner (10) and Kihara (11). Kihara also has 
shown how the second ,/irial coefficient can be calculated for flat, 
disk-shaped molecules (11), such as benzene and cyclohexane, and 
recently has shown how his work can be extended to still other 
shapes (20). Neither the work of Kihara nor that of Corner has 


Some calculations of the second virial coefficient 


been extended to higher virial coefficients or to gaseous mixtures, 
There remains, therefore, a tremendous amount of work to be 
done in the field-—particularly as regards nonspherical molecules. 
As high-speed computing devices are improved it will be possible 
to evaluate the virial coefficients for much more complex potential- 
energy functions and also to extend the calculations to the fourth 
and higher virial coefficients. 

I-xperimental data for the noble gases and about a dozen simple 


temperature. The primary contributors to this work have been 
Holborn and Otto (Germany), Michels (Holland), and Beattie 
(U. 8.). 
mixtures and almost no data on polar gases and gases consisting 
of long molecules. 


There are, however, only very meager data on gaseous 


3 Equation or State or Dense Gases ann Liquips 


It would be possible to deseribe the equation of state of dense 
gases and liquids by means of the virial equation of state, Equa- 
tion [2.3], but the numerical evaluation of many virial coefficients 
would be necessary. 
convergence of the virial expansion in the neighborhood of the 


critieal point. This approach has been used in the theoretical 


study of condensation, but no quantitative results are obtained — 


(15). The most significant theoretical and computational ad- 
vances have been made by substituting into Equation [2.1] an 
approximate expression for the configurational integral, or by 
substituting into Equation [2.2] an approximate expression for the 
We now summarize and compare 
the results obtained by these two methods 


radial distribution function. 


(a) Calculations Based on an Approximate Expression for Con-— 


figurational Integral. Tn this development one begins by supposing 
that the molecules of the dense gas or liquid are frozen at the 
lattice points of some sort of regular network, just as though 
the substance were a perfect crystal. Then one molecule, called 
the “wanderer,” is allowed to stray from its lattice point, all other 


Furthermore, there is some question as to the — 


| | 

al 
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5 TABLE 416) FUNCTIONS USED IN CALCUL sated OF PROPERTIES OF DILUTE AND MODERATELY DENSE NONPOLAR GASES 


ENNARD-JONES POTENTIAL)4 


(3) 


fy 


1.0014 
.0002 
.0000 
0000 
:0001 
.0004 
.0014 
.0025 
0034 
.0058 
.0075 
.0079 
0080 
0080 


“ From J. O. Hirschfelder, R. B. Bird, and E. L. Spotz, Journal of Chemical Physics, vol. 16, 1948, p. 968 


' ge ow 

i— 


a 

iat 0. 30 | 1.046 1. 289 0. 848 1.0022 1.0001 a 

1. 093 1. 284 0.825 1 0003 1.0000 | 

a 0.75 | 1.105 1.233 | 0.825 1.0000 1.0000 

| 

1.00 | 1.103 1.192 0.837 1.0001 1.0000 

1099 | 1.165 | 0.851 1.0002 1 0002 

ae 1. 50 | 1.097 1.143 0.863 1.0006 1.0006 “ 

<a a 

2.00 | 1.094 1.119 0. 884 1.0021 1.0016 

| 2. 50 1.094 1. 106 0.899 1.0038 1.0026 

3 00 1.095 1.101 0.911 1.0052 1.0037 

4.00 1.098 1.095 0.924 1.0076 1.0050 @ 

| 

5 00 | 1.101 1.092 0.932 1.0090 1.0059 

H 

10 0 | 1.110 1.094 0.945 1.0116 1.0076 

50.0 1. 130 1.095 0.948 1.0124 1. 0080 » _@. 

ae 100.0 1.138 1.095 0.948 1.0125 1 0080 7 ‘ 

te 460.0 1.154 1.095 0.948 1.0125 1.0080 
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TABLE SECOND VIRIAL COEBFFICIENT FOR POLAR MOLECULES TILE STOCKMAYER POTENTIAL)* 


B(T)= b BRT. t*) 


T*,t*) 
0.3 0.4 . 0.6 


-72.01 
-38.07 -64.11 
-24.090 -26.28 
-16. -27.733 
-12. -17.026 
-10. -12.996 
- 8. -10. 360 i 
- 8.5234 185 

- 7.1813 394 
6.1627 .413 
5.2659 9476 
4.7271 .8267 
4.2045 9457 
3.7695 
3.4021 .6567 
2.0881 .1732 
2.8167 . 7649 
2.5799 .4160 
2.3716 .1146 
2.1870 .8519 
2.0223 .6211 
1.8746 .4168 
1.7412 . 2348 
1.6205 .0717 
1.5106 .9247 
1.4101 .7917 
1.3179 .6708 
1.2330 5604 
1.1547 .4594 
1.0821 2662 
1.0147 . 2804 
- 0.95197 .2011 
- 0.89345 .1275 
- 0.83873 .0590 
- 0.78747 . 99526 
.87993 
. 77850 
. 68865 
. 60856 
52676 
.47205 
.41347 
. 26020 
.71159 
. 26705 


8 

36 

91 


- 0.27172 
- 0.22875 
- 0.18929 
- 0.15295 
0.11937 
- 0.08828 .22612 
- 0.05941 J 18839 
- 0.03254 - . 0825 15351 


° 
te 
re 
2 
3 


1. 
1. 
l. 
1. 
l. 
l. 
1. 
1. 
1. 
l. 
1. 
l. 
1. 
l. 
1. 
i. 
2. 
2. 
2. 
2 
2. 
2. 
2. 
3. 
3 
3 
3 


90 
95 
00 
1 
2 
4 
6 
7 
8 
9 
0 
1 
2 
3 


T t r late give Dissertation, University of Wisconsin, 1950 
@ This table was prepared by J. S Rowlinson from tabulated functions given by R. B Bi d Doctoral it 
pared by Ro J. Lunbeek and A. ten Seldam, Physica, vol 27, 1951, p. 788 fe TTL I 


4 similar table has been pre J 
ew. 


1 = 
t*= 0.1 0.2 0.7 
.20 | -31.129 -42.968 
.25 | -20.355 ~25.879 
.40 | -14.717 -17.777 | 
.45 | -11.239 -13.241 
.50 | - 9.1199 -10.401 . 
; .55 | - 7.5621 - 8.4786 
.60 | - 6.4159 - 7.1001 
.65 | - 5.5381 - 6.0677 7 
.70 | - 4.8460 |= 5.2675 
.75 | = 4.2871 ~le. 
.80 | - 27.8268 | -10.040 
.85 |} - 3.4414 | - 8.486 
| - 3.1142 - 7.292 
.95 | = 2.833 - 6.3520 
- 5.5953 =" 
- 4.9744 
- 4.4572 
- 4.0203 | 
- 3.6471 
- 3.3249 
- 1.3699 
1.2858 
- 1.2078 
- 1.1353 
- 1.0048 
- 0.89060 
- 0.78989 
- 0.70049 
- 0.62062 
- 0.54292 
- 0.48420 
- 0.42552 
- 6.27210 
- 0.22230 
~ 0.27854 
| 
74 
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TABLE 4(a) 


(Continued) 


0.2 0.3 0.4 0.5 0.6 0.7 


- 0.00748 
+ 0.01594 


0 01710 
+ 0.00688 


- 0.027318 
- 0.00828 


- 0.05580 
- 0.02959 


- 0.08509 
- 0.05717 


- 0.12118 
- 0.09115 


- 0.16427 
0.13169 


0.02931 
0.05035 
0.07011 
0.08869 


0.03787 
0.05844 
0.07778 
0.09597 
0.11312 
0.12930 
0.14460 
0.15907 
0.17279 
0.18580 
0.19815 
0.20990 
0.22107 
0.23172 
0.24187 
0.32187 
0.27522 
0.41284 
0.44012 
0.46049 
0. 52527 
0.52687 
0.51854 
0.50824 
0.49820 
0.48864 
0.47978 
0.47161 
0.46406 
0.41143 
0.38013 
0.35835 


+ 0.01501 
0.03682 
0.05729 
0.07653 
0.09465 
0.11173 
0.12786 
0.14310 
0.15754 
0.17122 
0.18420 
0.19652 
0 .20825 
0.21941 
0. 23004 
0.31260 
0.36918 
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0.10140 
0.07318 
0.04684 
0.02219 


0.02113 
0.00680 
0.01598 
0.03736 | + 
0.05744 
0.07633 
0.09414 
0.11095 
0.12684 
0.14187 
0.15611 
0.16962 
0.18245 
0.19465 
0.20625 
0.29699 
0.25687 
0.39857 
0.42873 
0.45116 
0.52271 
0.52566 
0.51782 
0.50876 
0.49785 
0.42828 
0.47957 
.47150 0.47144 
.46398 0.46292 
.41140 0.41129 
28011 0.28011 
25834 0.35834 


- 0.06218 | - 
- 0.03708 | - 
- 0.01268 | - 
0.01018 | - 
0.03163 | + 
0.05180 
0.07078 
0.08868 
0.10558 
0.12155 
0 .13€68 
0.15101 
0.16461 
0.17752 
0.18980 
0.28552 
0.34838 
0.39201 
O .42349 
0.44687 
0.5215 
0.52510 
0.51749 
0.50764 
0.49769 
0.43626 
0.47948 
0.47136 
0- 46286 
0.41137 
0.28010 
0.35823 0.35 


- 0.00511 | - 
+ 0.01780 | - 
0.03928 | + 


: 


.02259 
-04298 
.06218 
08029 
-09740 
11357 
- 12888 
14340 
. 15718 
17026 


COC 
nN 


0.52367 
0.52611 
0.51809 
0. 50804 
0.49798 
0.48847 
0.47965 


0.41125 
0.38009 
833 


The wanderer 
ean move in a “cage”’ formed by its nearest neighbors; the volume 
of this cage is referred to as the “free volume.”’ The configura- 
tional integral for the wanderer may be calculated by taking into 
: account the intermolecular forces between the wanderer and its 
: The calculations may be refined by consider- 


molecules being held fixed at their lattice points. 


nearest neighbors, 
— ing also the interactions with the next nearest neigh)ors, and so 
forth. Now each molecule in the dense gas or liquid may be 
assumed to behave in very nearly the same manner as the wan- 
derer, Hence it is assumed that the total configurational integral 
Qy in Equation [2.1] is just the configurational integral for the 
one wanderer raised to the Nth power. This type of approach is 
due originally to Lennard-Jones and Devonshire (21). 
Extensive punched-eard calculations have been made 
such a model, in which the Lennard-Jones potential energy of 
interaction is used, and in which interactions between the wan- 
derer and the first three shells of neighbors are included. The re- 
sults are presented in a simple tabular form in Table 5(a), The 
compressibility factor p?/RT' is there given in terms of the re- 
duced volume, »* = v/o*, and the reduced temperature 7'* = 
kT'/e. Hence for a given value of the specific volume v and the 
temperature 7’ one may compute the reduced variables v* and 7'* 
by means of the parameters o and € given in Table 1, and then 
obtain the compressibility factor from Table 5(a@). Similar tables 
for the various thermodynamic functions also have been prepared 
(22). These tables have been shown to give good results at very 


22) for 


high densities, but the agreement with experiment becomes less. 
satisfactory as the density is decreased. This is easily understood, 
since at high densities the molecules are, in fact, restrained to move 
in a sort of free volume in a manner similar to that described by 
the model used in the calculations. At lower density, however, 
the molecules are free to roam out of their cages, and hence the 
model no longer describes the physical reality. 

(b) Calculations Based on an 
Radial Distribution Function. 
equation for the radial distribution function g(r) for the distribu-— 
tion function for “pairs,” which is closely related to g(r)] in terms 
of the next higher distribution function—that is, the distribution 
function for “‘triples.”” Since the latter is not known, it is im- 
possible to solve the equation for g(r). It is customary to obviate 
this difficulty by writing the distribution function for triples as 
the product of three distribution funetions for pairs. This is 
known as the “superposition approximation” (23), the validity of 
which has not yet been assessed fully. 
tion has been introduced, the integral ejuation then may be solved 
to give an approximation to the function g(r). This can in turn — 
be used in Equation [2.2] to obtain the equation of state ; 

By means of high-speed computing devices the radial distri) yu-- 
tion function has been evaluated for a (slightly modified) Len- 
nard-Jones potential (24). 
temperatures were used to obtain the compressibility factors give ne 
in Table *and have the same significance 


Approximate Expression for 
It is possible to obtain an integral — 


When this approxima- 


The curves of g(r) o>tained for various 


The symbols t 


t*=0.1 

0.12272 

‘ 0.12833 

+ 0.15309 

0. 16708 

0.18034 

0.19293 

0.20489 

0.22711 

0.23744 | 

0.31877 | 

0.43870 0.43622 29 | 

0.45922 0 . 45738 79 

0.52495 0.52441 14 
0.52672 | 0.52647 44 
= 0.51845 0.51830 10 

50 0.50828 0.50818 38 
60 0.49815 0.49808 

pos ~, 90 0.47159 | 0.47155| 0 2? | 

oe. 100 0.46405 | 0.46402 0 

£00 0.41142 | 0.41142| 06 

be 200 0. 38012 38012 

400 0.35835 | 0.25875 | 0 
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TABLE 4(a) (Continued) 


1.1 


be 


0200 00 0) 63 OD 


jes) 


be 
b 
5 
NVA 


1.1551 


© 


CAA 
on 


= 
-58.8 
-38.5 -59.7 
-20.50 -28.8 -41.8 
-16.05 -21.78 -30.4 -43.5 on | 
| 12.973 | -17.14 «33.2 -32.0 
| -10.759 -13.90 -18.4 -24.7 
- 9.103 | -11.612 | -14.92 -19.61 4. 
| - 7.828 | - 9.790 | -12.42 ~16.00 -52. 
° - 6.820 | - 8.440 | -10.54 -13.36 -40. 
5 - 6.008 | - 7.342 | - 9.08 ~11.35 <i. 
| ° - 5.3413 | - 6.4696 | - 7.915 - 9.78 -25.4 
= - 4.7855 | - -21.1 
5 | - 2.9152 -15.1 
| 3.5690 “13,1 
- 2.0030 |-10.12 
- 2.7691 0 
| - 2.5609 
| 5 - 2.3745 9 
| - 2.2069 2 
- 2.0554 45 | 
- 1.9180 41 
5 - 1.7923 197 
0 - 1.6775 06 | 
- 1.5720 | 
- 1.4749 49 | 
- 1.3852 71 | 
- 1.3021 20 
- 1.1531 857 | 
- 1.0234 248 | 
- 0.90957 204 | 
- 0.80895 606 | ; 
- 0.71944 368 | ‘ 
- 0.63934 
- 0.56729 19} 00 
- 0.50216 215 a 
- 0.44204 
0.38917 08 687; 
- 0.33989 8333 79662 92240 
- 0.29466 1449 71967 82625 6505: 
- 0.25302 5167 64962 75801 7758, 
- 0.17900 4175 | 52497 62149 
0.14596 9270 | - 0.47305 |- 56164 5399) 
| - 0.11527 4776 | 0.42333 |- .50657 | 9792: 
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t* = 0.8 


0.9 


1.0 


1.1 


1.2 


1.3 


1.4 


. 


-0.08664 
-0.05989 
-0.03486 
-0.01140 
+0.01064 
0.02137 
0.05089 
0.06922 
0.08672 
0.10318 
0. 11877 
0.13355 
0.14758 
0.25614 
0. 22667 
0.37524 
.41012 
.43593 
0.51854 
0.52367 
0.51665 
0.50707 
0.49729 


6.35872 


-0.13225 
~0,10308 


-0.07582 


-0.05020 
-0.02636 
-0.00387 
+0.01729 
0.03723 
0.05605 
0.07382 
0.09065 
0.10659 
0.12170 
0.23818 
0.31341 
0.36502 
0.40197 
0.42927 
0.51672 
0.52281 
0.51613 
0.50673 
0-49704 
0.48776 
0.47909 
0.47105 
0.46360 
0.41129 
0.38006 
0.35831 


~0 . 
-0.15193 
-0.12213 
-0.09426 
.06815 
-0.04°659 
-)-020639 
+0 .OOL03 
0.02145 
0.040722 
0.05896 
0.076204 
0.09255 
0.21799 
0.29853 
0.35355 
0.39283 
0.42180 
0.51468 
0.52184 
-51556 
0.50635 
0.49676 
0.48755 
0.47893 
0.47091 
0.46349 
0.41126 
0.38005 
0. 35830 


0.24176 
-0. 20667 
-0.17397 
-0.14345 
-0.11490 
-0.08814 
-0- 06302 
-0.03941 
-09.01717 
+0- 00380 


0.28199 
0.082 
0.38270 
0.41352 
0-51243 
0. 52077 
0.51493 
0.50593 
0.49646 
0.48722 
0.47874 
0.47077 
046337 
0.41123 
0. 38003 
0.35829 


. 30615 
-0.26752 
-0.23158 
-0.19807 
-0. 16677 
-0. 13747 
-0.11000 
-0.08421 
-0.05995 
-0.03709 
-0.91554 
+0.00483 

0.02409 
0.17077 
0.26379 
0.32682 
0.37157 
0.40444 
0- 50996 
0.51960 
0. 51423 
0.50546 
0-49613 
0.48707 
0- 47854 
0.47061 
0- 46323 
0.41119 
0.38001 
0.35828 


- 0,377236 
- 0.33476 
-0.29519 
-0.25834 
-0, 22397 
- 0.19184 
-0. 13353 
-0.10702 
-0.08207 
-0.05856 
~ 0.03637 
~0.01540 
+0,14364 
0.24389 
0.31154 
0.35942 
0.29453 
0.50728 
0.51833 
0.51348 
0.50496 
0.49576 
0.48679 
0.47833 
0.47043 
0.46209 
0.41115 
0.37999 
0. 35827 


~0.45574 
-0.40870 
-0. 36507 
-0.32451 
- 0.28673 
- 0. 25145 
~0. 21846 
-0. 18755 
-0. 15854 
-0.13127 
-0. 10560 
- 0.08140 
~(. 05855 
+Q.11409 
0. 22225 
0.29494 
0.34625 
0. 38379 
0.50438 
0.51695 
0.51266 
0.50441 
0.49537 
0.48650 
0.47810 
0.47924 
0.46293 
0.41110 
0.37997 
O. 35825 


~0.54166 
~0.48968 
~0.44155 
~ 0.39687 
-0. 75530 
~ 0.31654 
~ 0.28022 
~0.24645 
0.21469 
~0. 18486 
--0.156812 
~0.13039 
-0. 10548 
+ 0.08206 
0.19835 
0.27702 
0.32202 
37221 
0.50125 
0.51547 
0-51179 
0.50383 
0.49495 
6.48618 
0.47784 
0.47004 
0.4027€ 
0.41105 
0.37994 
0. 35824 


as in Table 5(a). 


Similar tables for the various thermodynamic 


measurements for argon (24). 


The discrepancy between the two 


functions also have been prepared (24) 

In Fig. 2 we show a comparison of the results of the two methods 
(approximate configurational integral and approximate radial 
distribution function) with each other and with the experimental 


DENSITY (AMAGAT UNITS) a 
Fig. 2) 0° ror ARGON 

(According to [A] experimental measurements of Michels, Wijker, and 
ot, Physica, vol. 15, 1949, p. 627; [B] cale based on an 
mate radial distribution function, reference 22; and [(C] calculations based 
on approximate configuration integral, reference (24) ‘his figure is taken 

from Kirkwood, Lewinson, and Alder, reference 24.) 


caleulated curves is a measure of the reasonableness of the ap- 
Both theoretical 
approaches give good qualitative predictions but leave a great 
deal to be desired for quantitative work. 

(¢) Present Status of Theory, Calculations, and Experimental 
Data, The original theory of Lennard-Jones and Devonshire has 
been modified by a number of people in order to obtain better 
agreement with the experimental data. These modifications have 
resulted in a host of different theories of the liquid state, which 
are usually referred to as “ “lattice theories,”’ or 
“free-volume theories,’’ One type of modification permits double 
occupancy of a unit cell (25, 26). Another approach assumes that 
there are vacant lattice sites or “holes,”’ and that the number ot 
Unfortunately, these 
various modifications have not resulted in much improvement of 
the results. The present status of the lattice theories has been 
summarized by Rowlinson and Curtiss (27). Some work has 
been done on the extension of the Lennard-Jones-Devonshire 
Kirkwood, and 
Up to now nothing has been done about 


proximations introduced in the two methods. 


cell theories,” 


holes increases with decreasing density. 


theory to the theory of solutions by Prigogine, 
others (28, 29, 30, 31). 
extending the theory to the study of compressed gases and liquids 
composed of nonspherical molecules and polar molecules. A nice 
summary of the present knowledge about the liquid state has been 
given recently by de Boer (32) 

No calculations have been made for the Lennard-Jones-Devon- 
shire theory for a potential function containing more than two 
adjustable parameters. 


— 


The calculations which have been made 
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THE ASME OCTOBER, 


COMPRESSIBILITY FACTOR AS OBTAINED FROM RADIAL DISTRIBUTION FUNCTION® 


T* 


*J.G Kirkwood, V. A. Lewinson, and B. J 


for the various modified lattice theories and hole theories are not 
very extensive in scope, and hence the best statistical mechanical 
caleulations for practical purposes are those given in Table 5(a). 

Accurate experimental measurements of the equation of state 
of dense gases and liquids have been limited to simple gases. A 
considerable amount of work needs to be done toward extending 
the measurements to more complex substances and to multicom- 
ponent mixtures. A survey of recent experimental equation-of- 
state-measurements and engineering applications has been given 
by Smith (33). 


4 Transvorr Coerricients or GAsEs 


Diffusion, viscosity, and thermal conductivity are referred to as 
“transport phenomena” inasmuch as diffusion is the transport of 
mass, Viscosity is the transport of momentum, and thermal con- 
ductivity is the transport of energy by means of molecular mo- 
tion and molecular collisions. (In the early development. of 
kinetic theory these phenomena were described in terms of the 
“mean free path’ between collisions; hence they are also some- 
times called “mean free-path phenomena.” ) 

Rigorous expressions for the transport coefficients of dilute 
gases were first obtained by Chapman and by Enskog, whose in- 
vestigations were performed independently. The rigorous de- 
velopment also predicted the transport of mass by thermal 
gradients (called “thermal diffusion” or the “Soret effect’’) and 
the transport of energy resulting from concentration gradients 
(the “diffusion-thermo effect” or “Dufour effect”). A full ae- 
count of their theory and the results for pure gases and binary 
mixtures may be found in the treatise of Chapman and Cowling 
(34). The theory also has been extended to include multicom- 
ponent mixtures (35). 

(a) Brief Summary of Theoretical and Computational Develop- 
ment. The development differs from the 
earlier mean-free-path theories in that it attacks the fundamental 
problem of solving the Boltzmann integrodifferential equation for 
the molecular distribution function. The use of this equation as 
the starting point in the development has been justified by means 
of nonequilibrium statistical mechanical arguments (36). The 
solution of Boltzmann equation enables one to express the trans- 
port coefficients in terms of a set of double integrals Q¢9, which 
involve explicitly the dynamics of a binary collision and hence 
the intermolecular force law. The theoretical development. is 
quite intricate, and the mathematical calculations involved are 
very lengthy. 


Alder, Journal of Chemical Physica, vol 


20, 1952, p. 929 

The resultsapply at low densities (where intermolecular collisions 
can be considered unimportant) but not at such low densities that 
the dimensions of the vessel are large compared with the mean free 
path of the molecules (i.e., “Knudsen gases’). Strictly speaking 
the results apply to monoatomic gases only. Practically, however, 
it is found that the internal motions of the molecules are rela- 
tively unimportant in mass and momentum transfer, and hence 
the results of the Chapman-Enskog theory may be applied freely 
to the calculation of diffusion and viscosity coefficients of poly- 
atomic molecules. The same is not true for thermal conductivity 
where the internal modes of motion contribute substantially to 
the energy transport in the gas. This effect can be corrected for 
approximately, however, by the “Eucken correction’ which is 
discussed in section 4(c). The Chapman-Enskog theory can be 
used only for angle-independent potential funetions (such as the 
Lennard-Jones potential) and hence can not be used to calculate 
the transport coefficients for polar molecules. 

The evaluation of the Q"” for the Lennard-Jones potential 
has been performed independently by several groups of investiga- 
tors (37, 38, 39, 40) and the excellent agreement between the re- 
sults indicates that no computational errors have been made. The 
results are tabulated in terms of the functions Q@9* (7'*), which 
are just the values of the Q%” for the Lennard-Jones potential 
divided by the corresponding values for rigid spheres. These re- 
sults are given in Table 3. The function Q0.* is used for caleu- 
lating the first approximation to the coefficient of diffusion; the 
function Q°* js used for calculating the first approximation to 
the coefficients of viscosity and thermal conductivity of pure 
gases. In addition, we also give several other very slowly varying 
functions? which are special combinations of the Q“)*: the func- 
tions a*, B®, and c*™ which are used in calculating the transport 
coefficients of mixtures, and the functions f,, fx and fy? 
which give the higher approximations to n, A, and ‘BD. 

We now summarize the formulas to be used in conjunction with 
these tables. These formulas are written in the forms most con- 
venient for practical calculations. The following units are used: 
n(gm cm~! sec ~!), D(em? see ~'), A(eal em! see deg~!), T(° K), 
p(atm), €/k(°K), a(A). [Note: Angstrom unit = em.] 
When no subscripts are attached to the quantities Q"*, a*, n* 
c™, they are to be calculated as a function of 7'* = k7'/e, where 
e/k is the parameter given in Table | for interactions between 


pairs of similar molecules. When the subscripts 77 are attached, 


? Formulas for these quantities in terms of the Q")* are given in 
MTGL, ch. 8, appendix A. 


+, 


ve 0.833! 1.000 1. 250 | 1.677 2500} 5.000 | 
13. 82 0 629 0.768 0.883 | 
A. 
4 3 632 -0.594 | -0 156 0.264 0. 670 1.064 1.456 
es = - 2. 260 -1 445 | -0.734 ] -0.038 0.649 1. 326 1.998 | 2.667 | | 
AY 4 1. 483 -2.433 | -1.268 | -0 115 1.018 2. 139 3.242 4. 333 hike 
1.222 -2.829 -1. 382 0.052 1. 467 2. 856 4 223 5.567 
if 
a 
a 
— 
a 


these quantities are to be computed as functions of 7',,* = k7'/«, ;. 
_ _ where the €,,/k are the parameters characteristic of interactions 


between pairs of dissimilar molecules as given by the combining 
law in Equation [1.4]. 
experimental results and the values calculated according to these 
tables and formulas, since extensive tables have been presented 
elsewhere for this purpose (1, 40). Generally the coefficients of 
viscosity and diffusion can be calculated to within | or 2 per cent 


No comparison is given here between the 


over a range of temperature of about 400 deg K. The agreement 
for thermal conductivity is not quite so good since the theory for 
polyatomic molecules (the Eucken correction) is rough. The 
thermal diffusion ratio may be in error by as much as 10 per cent, 
for this property is highly sensitive to the exact form of the po- 
tential function which is used. 
(b) The Coefficient of Viscosity. Yor a pure nonpolar gas the first 
approximation® to the coefficient of viscosity is given by 
[nh X 107 = 266.93 


Higher approximations may be written as 


where the function f,” is a very slowly varying function of 7'*. 
The function f, is given in Table 3 and is very nearly unity. 

In order to discuss the viscosity of a binary mixture it is con- 
venient to define a quantity |m.2); thus 


266.93 MsT/(M, + M2) 


* 
O12? 


Imeh X 10? = [4.3] 
This quantity may be regarded as the coefficient of viscosity of 
a hypothetical pure substance, the molecules of which have a 
molecular weight 2M@,M./(M, + Mz,) and interact according to 
a potential curve specified by the interaction parameters oj, and 
€.. (This is similar to the quantity By defined in Equation 


(2.12].) If in Equation [4.3] the subscript 2 is replaced by 1, then 
the resulting expression is identical with the formula given in > 
Equation [4.1] for the pure substance 1. ea. 
We may now write the viscosity of a nonpolar binary mixture 
in terms and [me] Since the off-diagonal elements are small in comparison with 
ee vans the diagonal elements H,,, the primary contribution is given by the _ 
first term. To make the off-diagonal elements vanish exactly it 
- is necessary to assume that a® = 5/3. When the same assump- 
tion is made in the diagonal elements, Equation [4.9] becomes 
rr hei 
(m [neh \M, { where use has been made of Mquation [4.6] to introduce the dif- 
2 


3 * M, ( M, + M, 
Be + 22,22  ( ) 
[Mh [meh ) 
——}—1] + 44 


For binary mixtures of heavy isotopes the viscosity is given to a 
good approximation by 
l 
‘ 7 = > 
Vim) 


* The degree of approximation is indicated by the subseript on the 
square bracket about the symbol. 
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It should be pointed out that the quantity [meh is closely related 


to the coefficient of diffusion 


5 pl De); 
144.6) 
3(M, + Ms) ay*RT 


= 


If diffusion data were available it would be better to make use of 
them to obtain the quantity than to use Equation [4.3]. In 
view of the lack of such information we write Equation [4.4] in ys 
terms of [m2}). 
For nonpolar gas mixtures containing v-components the co- | 
efficient of viscosity is as follows 


Hy, Hy, eee H,, 


in which |H,,| is the determinant of the H,,, which are defined by 


z,* 22,2, MM, 5 M, 
hi [nahi (M, + M,)? M, 
22,2 VM 5 
H,; = — —! 4.8 
in} (My 4 | 


Because of the complexity of this formula it is sometimes con-_ 


venient to use an empirical simplification of this expression. The 
ratio of determinants in Equation (4.7) may be expanded thus 


= 


fusion coefficients. This expression is not satisfactory because of 


the unrealistic value assumed for a*®.  Buddenberg and Wilke 


(41) have recently shown by an extensive analysis of experi- 


mental data that Equation [4.10] deseribes the coefficient of vis- 
cosity of multicomponent systems if the numerical constant 2 is 


replaced by the empirieal value 1.385 Hence a very good ap 


proximation to [4.7] is!® 


* This formula lends itself well to systematized calculations as is 
shown in an illustrative example in MTGL, ch. 8. The use of equa- 
tion [4.11] also is illustrated. 

© Buddenberg and Wilke (41) did not derive Equation [4.11] from 
the rigorous kinetic theory of multicomponent gas mixtures (45) as is 
done here. Their work was based on some earlier approximate treat- 
ments of kinetic theory given by Sutherland and others, 
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PM > 


This relation enables one to calculate [mix }; quite simply from 
calculated or experimental values of the viscosities of the pure 
components and the coefficients of diffusion. 
(c) Coefficient of Thermal Conductivity. For a pure monatomic 
gas the coefficient of thermal conductivity is given by 
x 10” = 1989.1 VI/M In}, X 10°.[4.12] 
The proportionality to the coefficient of viscosity is well known 
from earlier simple kinetic-theory treatments. Higher approxi- 
mations are given by 


(Ale = [Ah Sfx™...... . [4.13] 


The correction factor f,', which is very close to unity, is given in 
Table 3 along with f,“. For a pure polyatomic gas the following 
approximate relation may be used 


The factor within braces (the “Iucken correction”) takes into 
account approximately the transfer of energy between the trans- 
degrees of freedom when polyatomic 


ja 
115 r 5f 


Eucken 


.. [4.14] 


lational and internal 
molecules collide. 

To describe the thermal conductivity of mixtures it is con- 
venient to introduce the quantity [Ai2], (analogous to [n.»|)) de- 


fined as 
= 198 V + 
[Aish X 10’ = 1989.1 O12? 


In terms of this quantity and the thermal conductivities of the 
pure components, the coefficient of thermal conductivity of a 
binary monatomic gas mixture may be written as 
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For binary mixtures of heavy isotopes this may be approxi- 

mated closely by 


| 
. [4.17] 


=. 


The quantity [Aj]; is closely related to the coefficient of diffusion 


When diffusion-coefficient data become available, they should be 
used to replace the calculated quantities [Ai2):. The rigorous 
kinetic theory for multicomponent gas mixtures also gives 
formulas for the coefficient of thermal conductivity of mixtures 
containing three or more monatomic components (35). 

There is at present no rigorous method for calculating the 
thermal conductivity of mixtures of polyatomic gases. However, 
the coefficient of thermal conductivity for binary mixtures may 
be estimated if the thermal conductivities of the pure components 
are known experimentally. First, one calculates the thermal] 
conductivity of the pure components as if they were monatomic, 
i.c., by means of Equation [4.12], and these quantities are 
designated as {A;],""°" and [A,],"°". Then similarly, one calculates 
the thermal conductivity of the mixture according to Equation 
[4.16] and this is called [Amix]:"°". An empirical expression for 
the coefficient of thermal conductivity for the polyatomic 
gas mixture is then 


in which BE; = (A, may be regarded as “experimental 
Eucken corrections” for the pure components. 

(d) Coefficient of Diffusion. In the first approximation the 
coefficient of binary diffusion for nonpolar gases is given by 


VT (M, + M2)/2M, 
[Diz]; = 0.0026280 — Dat 


. [4.20] 


The second approximation to Dy. may be written as 
[Diels = [Deh fou 


The function fox" is a complicated function of the molecular 
weights and mole fractions of the two species and also depends 
slightly on the forces between similar pairs of molecules. It 
differs from unity by at most several per cent. The fact that 
{D2}, depends solely on the forces between dissimilar molecules 
means that the temperature dependence of the diffusion coefficient 
provides an excellent method for evaluating the parameters ¢,; 
and €, between unlike pairs of molecules, It is unfortunate that 
there are so few diffusion measurements recorded in the literature. 

It should be noticed that Equation [4.20] can be used to de- 
scribe the interdiffusion of a polar gas and a nonpolar gas. It is 
pointed out in section 1 that the potential energy of interaction 
between a polar and a nonpolar molecule is very nearly of the 
same form as that between two nonpolar molecules. Hence the 
function Q2)49* may be used in conjunction with the combining 
laws in Equations [1.6] and [1.7]. 

When Equation [4.20] is written for a single component that 
first approximation to the formula for ‘“‘self-diffusion”’ is obtained 


= 0.0026280 


[Dh por 


The second approximation to the coefficient of self-diffusion is 
given by 
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The function fp depends only on the reduced temperature and 
is given in Table 3. It does not differ from unity by more than 1 
per cent, 

Let us now inquire as to the meaning of the coefficient of self- 
diffusion. Clearly if the molecules are all physically identical it is 
impossible to measure their interdiffusion. It is, however, possi- 
ble to measure quantities experimentally which were very nearly 
coefficients of self-diffusion 


(i) Interdiffusion of heavy isotopes for which on = 01 = 42, 
= €& = €, and 2M,M;/(M, + VM.) = M,or M3. 

(ii) Interdiffusion of ortho and para forms for which 
+ Mz) = M, = Me and oy & o; or G2, & 


slight differences in the interaction potential resulting from the 
effects of the different rotational states. 

It is apparent that the coefficient of self-diffusion must be re- 
garded as somewhat artificial. It is more correet simply to con- 
sider it as a limiting form of the coefficient of binary diffusion. 
It is interesting to note that in this limit of equal masses and 
equal intermolecular forces Equation [4.6] simplifies to 


The function a* is very slowly varying in 7'* approximately equal 
to 1.1 (see Table 3), and hence p[D],/{n}, has very nearly the con- 
stant value 4/3 (the theoretical basis for the Schmidt number). 

The rigorous theory of multicomponent mixtures (35) also 
gives expressions for the coefficients of diffusion in gases contain- 
ing more than two components. An empirical approach to the 
problem of multicomponent diffusion has been proposed by Wilke 
(42). 

(e) Thermal-D. ffusion Ratio. 
thermal-diffusion ratio in binary nonpolar gas mixtures is given 
by the following expression 


The first approximation to the 
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in which XY), Vy, and [Aye]; are quantities defined in the 
discussion of thermal conductivity. The primary concentration 
dependence is given by x2, the dependence on the molecular 
weights is given mainly by S“) and S®, and the principal tem- 
perature dependence is given by (6c,,.* — 5). A positive value of 
ky signifies that component 1 tends to move into the cooler region 
and 2 toward the warmer region. The temperature at which kz 
undergoes a change of sign is referred to as the “inversion tem- 
perature.” 

For the thermal diffusion of heavy isotopes Equation [4.25] 
may be simplified considerably, by expanding it in powers of 
(M,-— M2)/(M, + M.) and taking the first term. When this in 
turn is divided by the corresponding rigil sphere value we get 


59 (2a* + 5)(6c* —5) 


[Ar*h = 
a*(16a* 12B* + 55) 


[4.26] 
which is a function of 7* alone. This function, which is tabulated 
in Table 3, has been shown (43) to be valid for values of (MJ, — 
M.)/(M, + M,) up to 0.15 


has 


Formulas for the thermal-diffusion coefficients in multicom- 
ponent gas systems have been derived from the rigorous kinetic- 
theory treatment (35). 

(f) Present Status of Theory, Calculations, and Experimental 
Data. The foregoing formulas and the accompanying tables are 
strictly applicable only to gases and gaseous mixtures made up of 
molecules whose interaction can be described by a spherically 
symmetric potential-energy function. Quite recently the theory 
of transport phenomena in gases has been generalized by Wang- 
Chang and Uhlenbeck (44) and independently by de Boer (45) to 
include rigorously the internal motion of polyatomic molecules, 
These theoretical advances ultimately will provide us with a 
means for calculating the transport coefficients of long molecules 
and of polar molecules. In particular, it will enable us to under- 
stand the effects of the internal molecular motions on the co- 
efficient of thermal conductivity. Up to the present only very 
limited calculations have been made by means of these generalized 
theories, 

Quite recently the Q” integrals have been evaluated for the 
three-parameter Buckingham interaction potential (46). These 
calculations along with the analogous calculations of the second 
virial coefficients (19) should provide some new information con- 
cerning the interaction of spherical nonpolar molecules, 

There are quite extensive experimental data for the viscosity of 
a number of simple gases, the primary contributors to this field 
being Trautz and coworkers (Germany) and H, L. Johnston and 
collaborators (U.8.). In the temperature range where the data 
of these two groups overlap, there seems to be some disagreement 
for several gases. For binary mixtures a considerable amount of 
data have been obtained by Trautz and his colleagues 
practically no data available on the viscosity of mixtures of gases 
The situation with 


There are 


containing more than two chemical species. 


respect. to the coefficient of thermal conductivity seems to be 


about the same as for viscosity. In recent years there have been 

quite a few measurements of thermal diffusion in connection with 

the study of separation processes, The transport coefficient which 
has been quite seriously neglected is the coefficient of diffusion, 
— for which there are but a few measurements. As mentioned 
earlier, one can gain valuable information about the forces be- 
tween dissimilar molecules from the temperature dependence of 
this quantity. 

An extensive summary of recent experimental transport prop- 
erty data has been given by E. F. Johnson (47). The present 
status of the engineering applications to fluid dynamics, heat 
transfer, and mass transfer has been summarized in review articles 
by Baron and Oppenheim (48), Eckert (49), and Pigford (50) 


5 Transport Corrricients Or Dense Gases AND Liquips 


There are three main theories of transport phenomena of dense 
gases and liquids which will be discussed briefly in increasing 
order of the mathematical complexity of the theory. First, we 
discuss the Eyring theory (for liquids), which is a special applica- 
tion of the theory of absolute reaction rates. Then we summarize 
the Enskog theory (of dense gases) which is a simple extension of 
the Chapman-Inskog theory for dilute gases, Finally, we indicate 
what progress has been made by Kirkwood and coworkers and by 
Born and Green in an attempt to describe transport phenomena 
by means of a rigorous nonequilibrium statistical mechanical de- 
velopment 

(a) Eyring Theory (Liquids). The theory developed by Eyring 
and coworkers (51, 52, 53) has been moderately successful in pre- 
dicting the transport coefficients in the liquid phase and explain- 
ing them on a simple pictorial basis, It is not possible by means 
of this approach to obtain expressions for the transport co- 
efficients in terms of the intermolecular forces. Rather, one ob- 
tains relationships among various macroscopic quantities 
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It is found that the viscosity depends exponentially on the tem- 
perature in the following way 


n = nh AU vap/RT) 5.1) 


number density, 
The general form 


in which A is Planck’s constant and n is the 
e., the number of molecules per unit volume. 
of this relation is found from the theory and the numerical con- 
stant 0.408 is obtained from the experimental data. According 
to Trouton’s rule, AU yap is approximately equal to 9. 4RT,, where 
7’, is the boiling temperature at | atm pressure. Substitution of 


this into Mquation [5.1] gives the relation 


n = nh exp(3.87,/T).. 


which is useful for rough estimates, The theory also predicts the 
following relation between the coefficients of viscosity and self- 


diffusion 
nb =n [5.3] 


The best empirical relationship which Eyring and his coworkers 
were able to find for the variation of the viscosity of a binary mix- 


ture with composition is 


log Nmix = log m + xz log ne 


where m; and 2 are the viscosities of the two pure components. 
For a monatomic liquid the thermal conductivity of a liquid 
may be related to the speed of sound in the liquid, ¢, by 


ar 

it 

in which y = €,/C,. For polyatomic molecules this has to be 
multiplied by the Eucken correction (9y—5)/4 to take into ac- 
count the internal degrees of freedom of the molecules. In order 
to make the resulting equation agree with a very satisfactory 
empirical relation of Bridgman (54), Eyring supposed that only 
the rotational and translational degrees of freedom are effective 
in transferring energy so that the proper value to use for y in the 
Kucken correction is usually 4/3. Hence we write for polyatomic 
liquids 

A = 

Herey = C,/C, should be taken to be those values which are found 
in speed of sound measurements (presumably it is different from 
the factor 4/3 used in the LKucken correction). This formula has 
heen found satisfactory for a large number of liquids (a mean de- 
viation of around 10 per cent). Bridgman has pointed out that 
Kquation [5.6] gives the correet temperature dependence of the 
thermal conductivity of liquids at 1 However, for 
liquids the thermal conductivity increases by a factor of 2 
the pressure is raised to 12,000 atm whereas Equation {5.6} indi- 
cates that the thermal conductivity should increase by a faetor 
of 4. 

The Eyring theory of transport properties predicts the 
tion of the coefficient of viseosity with force. Let us Cefine a 
parameter z = F/2nk7', where F is the shearing force apphed to a 
square centimeter of liquid. Then, if F is sufficiently small that 
z is somewhat less than unity, the flow is “Newtonian” 
that the coefficient of viscosity no is a constant independent of F. 
“non-New- 


most 
when 


atm. 


varia- 


in the sense 


However, if z is large compared to unity, the flow is 
tonian” and the coefficient of viscosity as a function of the applied 
force is given by the relation" 


"! Tlere we have assumed that the distance between lattice sites in 
the liquid is equal to the distance between neighboring molecular 


planes. This represents an additional approximation to the Pyring 


theory. 
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At the present time there is no other molecular theory for non- 
Newtonian flow. 

The Eyring theory has been used to study the viscosities of the 
liquids composed of molecules which are nonspherical such as long- 
The influence of 
pressure on the viscosity of liquids has also been examined. 

(b) Enskog Theory (Dense Gases ). 
of dilute gases which was described in section 4 is based on the 


chain hydroearbons and long-chain polymers. 
The rigorous kinetie theory 
Boltzmann equation. In its derivation it is assumed that there 
are two-body collisions only and that the molecules have no finite 
extension in place (or, more correctly, that the molecular diameter 
is negligibly small in comparison with the 

Both of these assumptions are certainly 
In dense gases, however, these two assump- 


average distance be- 
tween the molecules). 
valid in dilute gases. 
tions have to be reconsidered 

Eenskog (55) was the first to make an advance in this direction 
by developing a kinetic theory of dense gases made up of rigid 
spherical molecules of diameter a. For this special molecular 
mode] there are and higher-order collisions. By 
thus considering only two-body collisions and by taking into 
account the finite size of the molecules he succeeded in grafting a 
Asa 
gas is compressed there are two effects which become important 
‘collisional 


no three-body 


theory of dense gases onto his earlier theory of dilute gases. 
owing to the fact that molecules have volume: (a) the ‘ 
transfer” of when two rigid sphere 
molecules undergo a collision, there is an instantaneous transport 


momentum and energy 
of energy and momentum from the center of one molecule to the 
center of the other;'? and (b) the change in the rate of collisions 
the frequency of collisions tends to become greater because o is 
not negligibly small compared with the average distance between 
the molecules, and on the other hand, the frequency of collisions 
tends to be smaller because the molecules are close enough to 
shield one another from oncoming molecules. The net increase 
in frequency of collisions may be related to the equation of state 
of the gas. 

The results of the Enskog theory for the transport coefficients 
divided by their limiting values at zero pressure (and multiplie a 


a 


by a reduced volume) may be written in the form: 


Shear Viscosity 


"+08 + O.76ly... 


Bulk Viscosity 


[5.9] 


12 Tn liquids collisional transfer is the primary mechanism for the 
transport of momentum, while in gases the momentum transport is 
due primarily to molecular motion. This explains the fact that the 
viscosity of gases increases with temperature while that of liquids de- 
creases with temperature. 

'§ This applies to monatomic substances only. 

D° may be calculated as D° = MWD'/PRT, where is the co- 
efficient of self-diffusion caleulated at 1 atm pressure according to 
equation (4.22). 
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See reference (33), p. 292. 
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5.12 
rhe curves for 7 and A both exhibit minima which are 
| ] = 2.545 at y = 1.146....... {5.13} 
bo Jmin 

AP 

R 4a = 2.938 at y = 1.151........[5.14] 


To complete the statement of the results for rigid spherical 
molecules we need but to add that y is given exactly at low and 
moderate densities by the virial equation [y = (bo/V) + 0.6250 
(bo / + 0.2869(bo/ +...) and approximately at high densi- 
ties from the distribution-function method described in section 3 
(51, 52). 

Although the formulas for the transport coefficients given in 
the foregoing text were obtained for gases composed of rigid 
Enskog showed that these results can be 
applied to real gases with reasonable success. In order to use the 
foregoing formulas it is necessary to specify bo and y. Enskog 
suggested that the pressure p in Equation [5.12] be replaced by 
the “thermal pressure” 7'(0p/07'), so that y may be determined 
from the experimental p-V-7 data from the relation 


oT Ji 

(For rigid spheres :xquations [5.12] and [5.15] are identical but 

such is not the case for real gases.) Iinskog also suggested that 

hy be evaluated by fitting the minimum in the curve of (n/n°)V as 

The usefulness of this method of Enskog has 


spherical molecules, 


a function of y. 
been demonstrated by numerical comparisons for Ny and CO,, 
the only two gases for which high-density viscosity and equation- 
of-state data are both available. The pressure dependence of the 
viscosity of Ne is described quite accurately over a pressure range 
of 1000 atm, and that of CO, over a 100-atm range. The Enskog 
theory has been extended to binary mixtures by Thorne,'® but no 
numerical comparisons with experiment have been made. 

Theory. The theory of tramsport 
phenomena in dense gases and liquids has been developed by 
means of nonequilibrium statistical mechanics (36, 56). The final 
results are given in terms of the nonequilibrium radial-distribution 
function just as the equation of state of dense gases and liquids is 
given in terms of the equilibrium radial-distribution function, The 
nonequilibrium radial-distribution function is given as the solu- 
tion of an integral equation, which involves the next higher-order 
Here, just as in the equilibrium case, some 


(c) Kirkwood-Born-Green 


distribution function. 
sort of superposition approximation is introduced in order to get 
rid of the higher-order function. At the present time only some 
rough calculations have been made, and accordingly, the method 
does not yet provide a means for practical computations. It is 
hoped that this approach ultimately will lead to the calculation 
of the properties of dense gases and liquids with accuracy com- 
parable to that for dilute gases described in section 4. 
ble theoretical and computational work needs to be done, 
ever, 

(d) Present Status of the 
mental Data. Until the rigorous statistical mechanical treatment 
is developed further, the Eyring and Enskog theories will provide 
the best means for interpreting the high-pressure transport. phe- 
nomena. The Enskog theory has been studied recently, with the 
idea of extending it to any type of molecular interaction (57), 


Considera- 
how- 


Theory, Calculations, and Experi- 
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There are good high-density transport-coeflicient data available 
for only 
empirical correlations in the absence of the theory. 


by no means enough to make satisfactory 
Drickamer 


a lew gases 


and his coworkers at the University of [linois have done a con 
siderable amount of experimental research during the past five 
years on the diffusion and thermal diffusion in the critical region. 
The particular appropriateness of thermal diffusion as a means for 
separating complex liquid mixtures has been discussed by Jones 
and Milberger (62). Recently two surveys have been made on 
the available thermal and 
liquids (63, 64). 


conductivity data of dense gases 


APPLICATIONS OF THE PRINCIPLE OF CORRESPONDING 


STATES 


6 Some 


As we have seen in the preceding sections there are numerous 
gaps in the theory, the calculations, and the experimental data. 
In engineering problems for which all of these are absent, it be- 
comes necessary to fall back upon a more general method of pre- 
dicting the properties of matter. Hence we summarize here the 
basic ideas connected with the principle of corresponding states. 

(a) Reduction in Terms of Critical Parameters. In the early 
studies of the behavior of matter it was recognized that all sub- 
stances behave in approximately the same manner, For example, 
the p-V isotherms of all substances were found to be of hyperbolic 
form at high temperatures, to exhibit a critical point (that is, a 
point at which (Op/OV), = (0%p/OV2)p = 0), and to show con- 
densation phenomena at low temperatures. The critical point 
occupies a unique place on the p-V isotherms and represents a 
It was 
suggested by van der Waals that the critical point is therefore a 
and that the properties of various 


certain specific state of aggregation of the substance. 
“point of corresponding states” 
substances should be compared under conditions where the 
variables are the same multiples of the variables at the critical 
Accordingly, the compressibility factor may be written as 
= p/p, and the re- 


point, 
a universal function of the reduced pressure p, 
duced temperature 

pV/RT = Z(p,, T,)... {6.1} 


This is 


” 


in which Z(p,,7',) is the same function for all substances. 
‘generalized compressibility charts 
charts of thermodynamic functions” 
These charts provide an excellent 


the basis for the widely used ‘ 
and the “generalized 
of Hougen and Watson (16) 
means for industrial calculations because they are quick and easy 
to use, 

In a similar fashion the principle of corresponding states muy 
be used in the correlation of transport-coefficient data. These 
quantities also may be expressed as universal functions of p, and 


T 


Equation (5.3) provides the basis for Heougen and Watson's 
“generalized viscosity chart” (16). Such extensive chartshave not 
been prepared for the other transport coefficients because of lack 
of experimental data, Other methods of reducing the variables 
have been suggested. 


transport coefficients by dividing by the appropriate combina- 


One method consists of reducing the 


tions of critical constants; for example 


ne = = nelp,, T,) 


In another method one divides the transport coefficient by its 
limiting value at zero-pressure, thus 


1035 
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f= = T,) 

The use of the principle of corresponding states is not confined 
to the correlation of compressibility data and transport-coefficient 
data. Other properties such as surface tension, vapor pressure, 
melting lines, and Joule-Thomson coefficients can be predicted by 
means of the corresponding states arguments. For example, the 
reduced surface tension = y'V,' should be a universal 
function of 7, 7/T,. And indeed it has been found that the 
surface tension of many substances is described by a relation of 
the form ~ (1 — T,)" 

In the early development it was recognized that all substances 
did not truly obey the principle of corresponding states. It was 
noted, however, that those substances containing molecules which 
are similar in structure tend to exhibit closely similar behavior: 
that is, the halogens would be expected to obey one principle of 
corresponding states, while the saturated hydrocarbons would be 
This correlation of the bulk behavior 


was first suggested by 


expected to obey another. 
of substances with the molecular structure 
Kamerlingh Onnes and was called by him the 
mechanical equivalence,” Its usefulness lies in the fact that if 
data are available for the physical properties of several chemically 
related substances, then the properties of other substances of the 
same general structure may be estimated by the application of 
the principle of corresponding states. 

(b) Reduction in Terms of Molecular Parameters. Recently the 
principle of corresponding states has been studied extensively 


“principle of 


from a different point of view (17, 58), which has been made 
possible because of recent advances in the statistical mechanical 
theory of matter. If the molecules in a substance obey a two-con- 
stant potential function of the form g(r) = ef(r/a) (the Lennard- 
Jones potential is of this form), then the various variables de- 
scribing the properties of the substance and the state of the system 
may be expressed in reduced unite by means of the appropriate 
combinations of the parameters €and 0: p* = pa/e, = kT/e, 
Hence the equation of state assumes the reduced 


= v/a. 


form 

pr", 
That is, the reduced pressure is a function of the reduced volume 
and the reduced temperature and is the same for all substances. 
The parameters o and € may be expressed in terms of critical 
Equation {1.3}. If 
we can obtain the 


properties for many nonpolar substances, 
these relations are 4 in Equation [6.5], 
fact that p, p(V,, 7) which is a justification for the older 
statement of the prine #4 of corresponding state based on critical 
properties, 

Similarly, the transport coefficients may be expressed in terms 
of corresponding states relationships, based on reduction of quan- 
tities with the o and € of the potential function 


Do? m 


= D*(v*, 


‘hoa 


no 
me 


Ihus the reduced transport coefficients are universal functions 
of the reduced volume and the reduced temperature. Other 
properties, such as vapor pressure and surface tension, may also 
be expressed in this fashion, 

For molecules which do not have spherically symmetric poten- 
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tial functions the use of reduced variables leads to a different sort — 
of result. Asan example, we consider those polar molecules which — 
obey the Stockmayer potential. It is easy to show that the equa-_ 
tion of state in reduced units for a substance containing molecules | 
with dipole moment uw assumes the form 

* = u/V ea is the dipole moment of the molecule in re-- 
duced units. 


where pu 
Thus molecules which have the same value of yu 

obey the same principle of corresponding states. Similar results — 
are found for elongated molecules of length J and “width” : 


where 1[* = //o is the length-to-width ratio of the molecules, 
Equations [6.9] and [6.10] are examples of the principle of | 
mechanical equivalence of Kamerlingh Onnes. 

The quantum effects in the noble-gas series have been studied a 
corre:ponding states (58, 61 According to this principle the — 
equation of state is given by the reduced equation 

p* p*(v*, T* 
in which A* is the quantum mechanical parameter h/oV me. : 
The larger the value of A* - 
substance is expected to deviate from classical behavior at a given — 
temperature. For the noble gases the values of A* are: He? 
3.08, He*—2.67, Ne—0.59, A-—0.19, Kr-—0.10, and Xe-—0.06. 
A* = 0 corresponds to classical] behavior. For most substances 
A* is smal] compared to unity, and quantum effects are negligible 
temperatures. For the isotopes of | 
helium and hydrogen, however, quantum effects are observable 
(though small) at room temperature and become quite large at 
very low temperatures. The quantum mechanical principle of | 
corresponding states was used to predict the properties of the 
light helium isotope (59) and the hydrogen isotopes (60). 


for various substances. 


except at extremely low 
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Franck, 


ussion 


G. Datckamer.'"© The authors have done a remarkable 
job of condensation and organization in presenting a reasonably 
complete summary of a very broad and very important field 
It would appear that the next development to be hoped for in 
the field of nonequilibrium processes is a perturbation treatment 
for moderately dense gases somewhat analogous to virial treat- 
ment for the thermodynamic properties. It is to be hoped that 
such a treatment will include diffusion and thermal diffusion as 
soon us possible, Viscosity is hardly sensitive enough to pro- 
vide as even Enskog’s dense- 
gas theory predicts the viscosity of nitrogen accurately to 1000 
atm, the 
guses offers many theoretical problems even at low pressure. 

The authors mention the lack of accurate experimental data, 


and it is true that there is an appalling searcity of such informa- 


an adequate test of the theory, 


while thermal conductivity of other than monatomic 


On the other hand, the experiments, even at the present 
level of accuracy, are difficult, and the problems in increasing the 


It seems that in the presently availa- 


tion 
accuracy are formidable 
ble data on diffusion and thermal diffusion in moderately dense 
If the 
sophisticated 


there is a sufficient initial test of any new theory 
reasonably 
a particular set of experiments 
further, 


Muses, 
theoretical groups could develop a 
theories, such that 
would be there would be an incentive for 
more accurate experimental work in the field. 


theory or 


definitive, 


Ranz.” engineer willing to plow his way through 
this formidable review paper will be rewarded by finding among 
the bewildering array of symbols several good recipes for estimat- 
ing physical properties. At the will be brought 
up to date on the state of applied statistical mechanics, an ab- 


sume time he 
stract subject which, to the surprise of some of us, now appears 
useful for attacking engineering problems other than those in- 
volving thermodynamics, 

Here elaborate and elegant analysis has been reduced to useful 
it is the most desirable en- 
gineering approach, We are able to use the best of much in- 
formation instead of making much out of nearly nothing. It 
is regrettable that the authors have not been able to carry the 


approximations. In some respects, 


process to a logical conclusion. Instead of statements of “‘ex- 
University of Illinois, Urbana, Il 
Associate Professor of Engineering 


State Univ., State College, Pa. 


Research, Pennsy Ivania 


aed 
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tremely good agreement,” “reasonable good agreement,” and 
“good agreement,” actual odds on the expected accuracy of each 
equation would have pin-pointed its significance. 
relative merit of this approach over more empirical methods, 
e.g., corresponding states, should be investigated. Perhaps the 
task of evaluation is properly the duty of engineers who have 

_ heed of these equations. 

Of considerable novelty are the combining laws suggested for 
mixtures. One is led to inquire whether this method of 
intermolecular force constants yields any better 
than volume and mass averages, or such empirical 
sorcery a8 corresponding states based on a pseudocritical point. 
Although it is not stated in so many words, this paper contains 

an implied warning to practical scientists and engineers that a 

theoretician may be able to calculate physical properties more 

accurately than our defective experimental methods can measure 
them. 


averaging 
results 


The pleas for more and better experimental measurements 
of properties such as the diffusion coefficient should not go un- 
heeded 

Here we have an excellent example of the co-operation of pure 
scientists and engineers. The authors are to be commended for 
reducing their work to useful form. 


Autuors’ CLosuRE 


In answer to Professor Ranz’s question, the best way to present 
an assessment of these theoretical formulas is to give extensive 
tables comparing calculated values with experimental quantities 
for a large number of substances over wide ranges of temperature, 
pressure, and composition. Such comparisons are given in 
MTGL, and more detailed discussions ean be found in the origina! 
references: 

References 
Virial coefficients for nonpolar gases idee Gus 18, 20 
Virial coefficients for polar gases Ref. a, Table 4(h) 
Compressibility of dense gases 22 
Transport coefficients of dilute 
Transport coefficients of dense gases 


Transport coefficients of liquids... . 
Quantum effects in physical properties 


In studying the comparisons between experimental and theo- 
retical results, several important factors should be kept in mind: 
All of the calculations just discussed (with the exception of virial 
coefficients) are that the inter- 
molecular potential-energy functions are spherically symmetrical. 
A further restriction is in the choice of the Lennard-Jones (6-12 


In 


based on theories which assume 


nt this spherically symmetric interaction. 
temperature, 


potential to repres« 
of this the 
pendence of many properties can be predicted quite satisfac- 
At the 


present time there is a great deal of research under way designed 


spite pressure, 


torily when the foregoing tables and formulas are used. 


to improve our knowledge of intermolecular forces and to extend 
the statistical mechanical theories. 


Certainly the 


and composition de- — 
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Pabulation of Imperfect-Gas Properties 


ve 

for Air, Nitrogen, and Oxvgen 
By NEWMAN A. HALL! ann WARREN E. IBELE,.? MINNEAPOLIS, MINN. 


Recent theoretical developments of intermolecular 
forces have established a basis upon which a valid extension 
of gas-property data may be prepared. This paper estab- 
lishes the fact that deviation from perfect-gas behavior 
may be expressed fundamentally by the compressibility 


factor. Tables of virial coefficients and temperature de- 


In general, such tabulations may provide extrapolations to 
properties not directly measured and within limits to pressure | 
and temperature domains not originally bracketed, 
ress has been made in this area and it has been possible for some- 
time to extend, in many respects, beyond the perfeet-gas domain, 
the region where systematic presentation of thermodynamic prop- 


Much prog- 


rivatives for air, nitrogen, and oxygen are given, as well as_— erties is possible. The availability of sueh empirical equations 


tables of compressibility factors for these three gases. 


NOMENCLATURE j 


The following nomenclature is used in the paper: a % 
B second virial coefficient, ft® 
B' first temperature derivative, second virial coefficient, 
ft?lh-'deg Fo! 
second temperature derivative, second virial coefficient, 
ftelb-'deg F 
third virial coefficient, (it lb +)? 
first temperature derivative, third virial coetticient, 


as the Beattie-Bridgman and the Benedict-Webb-Rubin has 
taken care of many requirements regarding the more common — i. 
gases. For air, oxygen, and nitrogen the first of these has aa 
vided the basis for the tabulations and charts of Williams (1)* — 7 
and @Curtiss and Hirschfelder (2). In addition, a direet inde- 
pendent empirical correlation was used by Claitor and Crawlord 
(3) to prepare accurate charts for these gases, 

Each of these contributions has been dependent on an empiri-- 
cal correlation which was associated directly with the experi- 
mental data. Aside from the trivial fact that the perfect-gas 
domain is approached at sufficiently low pressures or densities, | = 


(ft'lb~')?deg F 
second temperature derivative, third virial coefficient, 
(ft? Ib 1)? deg 
constant-volume heat capacity at zero pressure, Btu 
deg 
constant-volume heat capacity, Btu lb ~'deg Po! 
constant-pressure heat capacity at zero pressure, Btu 
Ib 'deg F 
= constant-pressure heat capacity Btu deg F 
enthalpy, Btu 
= pressure, atm 
gas constant, Btu lb orft®atmlb~' deg R 
entropy, Btu deg R™ 
entropy of ideal gas at pressures of 1 atm, Btu Ib! 
deg 
= temperature deg F, absolute 
= volume ft? 
= compressibility factor 
= density, lb ft 
INTRODUCTION 
Problems in design involving the use of any gas as a work- 
ing medium require accurate data for the thermodynamic 
One of the continuing tasks of thermo- 
dynamic investigations is the extension of such data to greater 
ranges of temperature and pressure, 
by the gradual accumulation of experimental measurements of 


properties of the gas. 
This develops progressively 


high accuracy and consistency and in due course sufficiently sig- 
nificant theoretical means become available to correlate these 
data to provide charts or tabulations of comparable accuracy. 
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no physical characteristic of the imperfeet gas was involved in 
This makes any valid ex- 
tension of the properties beyond the narrow confines of experi-— 


establishing the empirical equation. 


mental data essentially fortuitous and not dependable, 


Basts ror Extension or Gas-Prorerty Data 


forces have established a basis by which a more fundamentally 
valid extension of gas-property data may be prepared. These 
intermolecular forces modify the perfectly elastic impacts of a 
simple kinetic theory gas model and thereby produce deviations 


Recent theoretical developments in regard to cay al 


from perfect-gas behavior, As the molecules of a gas are pushed 
closer together at higher densities the effect of the molecular inter- 
Consequently, the deviation from perfeect-gas 


behavior is expressed fundamentally by the compressibility factor 


action increases. 


expressed as a power series in the density 


Z=1+ Bo + Cp? + Dp* +. [2] 


The second, third, and fourth virial coefficients B,C, D, and so. 
on, are temperature funetions, dependent primarily on interac-— 
tions of groups of two, three, and four molecules, respectively. 
The interaction between molecules can be represented by a po- | 
tential from which the force or any effect due to the foree may be — 
derived, This 
shown in Fig. | where the potential energy & is given as a fune- : 


intermolecular potential has the general form — 


tion of the radial distance 7, For small r the slope of the poten 
tial eurve is large and negative corresponding to the repulsion due — 
to molecular interference. At larger distances the potential 
eurve slope becomes positive, indicating a small atéraction be 
tween the molecules. At still larger distances this attractive 
force becomes negligible. An approximate formulation of the 


potential has been given by Lennard-Jones (4) in the form 


E(r) = 4e ( 


? Numbers in parentheses refer to the Bibliography at the end of - 
the paper. 
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were 


ro = low-energy-collision diameter, i.e., the distance at which 
low-energy molecular encounters occur, or essentially the molecu- 
lar diameter; € = minimum potential energy corresponding to 
state of equilibrium between attractive and repulsive forces, 

This formulation contains the essential elements of the physical 
interactions and is justified by more refined physical theories as 
well as being confirmed by experimental data (5, 6, 7, 8, 9). 

The virial coefficients may be expressed as integrals of the 
interaction potential and have been evaluated recently together 
with temperature derivatives by Bird and Spotz (10). 
tential assumes a spherical, nonpolar molecule, conditions which 
are closely satisfied by oxygen and nitrogen. Accordingly, the 
tabulation of Bird and Spotz may be used to obtain specific 
properties for these gases as well as for air as a mixture. 

For a two-component mixture the virial coefficients are given 
according to Mayer (11) by 


This po- 


Baixture 


( ‘mixture 


where X, and X, are the mol fractions for the two components, 
and B,, and Ci, are their respective virial coefficients. By 
and Cy and Cy are interaction coefficients corresponding to 
groups of two and three unlike molecules and 


Bi (B, + By) Bu 
oni J 2 

l 

yu = 3 (2C, + ©.) 


1 

4 (Cy 4 — [8] 
The interaction coefficients are computed in a manner similar 

to the virial coefficients from an interaction potential. The 

Lennard-Jones form may be used with the characteristic con- 

stants computed by the rule according to Hirschfelder, et al. (8) 
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_ TRANSACTIONS OF THE ASME 


1 
To)ia = + 


= V 
caleulations of Bird and Spotz (10) are reported in the form 


= by B™(r) 


4 
em. 
aid P 


In? 


df 


dt 


eo 
2 


where 
hy = 37 Nr}, +r = kT /e 


ON = 6.0235 & 10% Avogadro’s number, number of molecules 


per gram mole 
k = 1.38032 & 10>" Boltzmann’s constannt, ergs per deg K 


The first of these relations provides the primary means of deter- 
mining the molecular constants ro and €. Writing 


bo = )exp/B™ (rT) [17] 
a series of values of bg can be computed from availal le data on the 
second virial coefficient and for selected choices of €. A certain 
value of € will give the minimum deviation from « constant value 
of by for varying 7. This optimum value determined € and fy 
as follows: 


«/k (deg K) be (ce /mol) 
64.13 


54.35 


Gas 


Nitrogen 
Oxygen........ 


A similar determination of by from empirically determined quan- 
tities other than the second virial coefficient confirms these re- 
sults closely. The correlation with experimental data is reported 


in fullin reference (12). 


CoMPosItTION oF AIR 
Air as a mixture has been defined by the Aerological Commis- 
sion of the International Meteorological Organization (13) as 
having the following composition: 


Mol weight 
28 O16 
2.000 
39.944 
44.010 


Mol fraction, per cent 
Nitrogen 
Oxygen 
Argon 
Carbon dioxide 


with a resulting apparent molecular weight of 28.966. 

Considering the interaction of the several types of molecules, it 
appears that interaction terms 6 and ¥ are either essentially zero 
owing to similarities in the molecules or provide a neg}igille con- 
tribution in view of the small ameunt present (12). Accordingly, 
in computing the virial coefficients for air it was assumed that 
only oxygen and nitrogen were present, distributed in proportion 
to their actual occurrence, Thus 


Bair = (X'B)ny + (X'B)o, 


= (X’C)ny + (X'C)oy 


~~ 
> 
< 
a 
2 
at 
Pe, 
i 
= 


7 
| 
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TABLI AIR-VIRIAL COEFFICIENTS AND TEMPERATURE DERIVATIVES 


7 Te c 103 T2103 103 
dT dT? aT ay? 


0.4574 -1.464 
0.4106 -1, 296 
0.3721 -1.150 
0.3395 -1,.029 
0.3114 -0.9275 
0.2880 -0. 8438 
. 2670 -0.7713 
2330 -0.6548 
2061 -0.5661 
1843 -0. 4966 
. 1665 -0.4413 
-0. 3956 
-0.3585 


0 

0 

0 

0 

0 

0. 

0. 

0. -0.3271 

0 -0. 3003 

0 -0.2774 

0 -0. 2576 

0 -0. 2401 

0 -0.2112 

0 -0. 1883 

0 -0. 1696 

0 -0. 1542 

0 -0. 1413 

0 -0.1298 

0 -0.1207 

0 -0.1124 

0 -0.1051 

0 -0.09870 
0 -0.09296 
0. -0. 08787 
0.03629 -0.08325 
0.03199 -0.07354 
0.02867 -0. 06574 
0.02583 -0. 05936 
0.02348 -0.05405 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0. 
0. 
0. 
0 
0 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 


A 


02145 -0. 04943 
01970 -0. 04573 
01816 -0. 04237 
01680 -0.03939 
01556 -0. 03679 
01454 -0.03454 
.01279 -0. 03076 
.01130 -0.02758 
01005 -0. 02493 
008995 -0.02270 
008085 -0.02077 
007296 -0.01910 
006601 -0.01765 
005989 -0.01637 
005444 -0.01523 
004956 -0.01420 = 006280 
004118 -0.01245 = 0.06600 
003430 -0.01100 = 0.06864 
002847 -0. 009788 = 0.07098 
002354 -0. 008749 = 0207280 
001945 -0. 007902 0007470 
001559 -0. 007086 - 0.07616 
001234 -0. 006405 - 0.07718 
0009486 -0.005803 - 0.07848 
0006935 -0. 005263 - 0607904 
0004656 -0.004779 = 0207960 
0002611 -0. 004346 - 0208022 
.00007537 -0.003949 - 0.08052 
00008975 -0.003595 0208096 
0002453 -0. 003262 0006112 
0003842 -0. 002962 = 0006150 


= 
100 -0. 2446 
105 -0. 2235 & — 
150 -0. 1190 -0.5610 10.928 -86.4 
160 -0. 1064 -0.0142 6.640 -56.6 
170 -0. 09581 +0. 3083 4.142 -37.6 
180 -0. 08669 0. 4964 2.550 -25.7 
190 -0. 07884 0.6100 1.5124 “17.7 
200 -0. 07196 0.6636 0. 8268 -12.2 
210 -0. 06598 0.6919 0.5914 8.51 
220 -0. 06055 0.7017 0.06462 - 5.86 
230 -0.05577 0.6996 0.1383 4.03 
240 -0.05150 0.6908 - 0.2716 2.71 
260 -0. 04407 0.6627 - 0.4106 0.622 i. 
280 -0. 03795 0.6303 -0.4536 +021 
300 -0. 03279 0.5989 0.4516 0.680 
320 -0. 02837 0.5705 - 0.4282 0.801 
340 -0. 02457 0.5474 - 0.3944 0.977. 
360 -0.02126 0.5238 0.3610 0. 985 
380 -0. 01835 0.5052 - 0.3272 0.959 
400 -0. 01576 0.4892 - 0.2950 0.909 
420 -0.01347 0.4756 - 0.2658 0.850 + 
440 -0.01142 0.4637 - 0.2304 0.764 
460 -0. 009567 0.4537 - 0.2158 0.724 a 
480 -0. 007896 0.4450 - 0.1950 0.664 
500 -0. 006370 0.4373 - 0.1766 0.608 
550 -0.003118 0.4225 - 0.1396 0. 484 
600 -0 0004780 0.4114 - 0.1129 0.385 
650 +0. 001704 0.4033 - 0.09308 0.311 
700 0.003528 0.3970 0.07904 0. 249 
750 0.005077 0.200 ; 
800 0. 006405 0. 162 
850 0. 007565 0.131 
900 0. 008570 0.105 
1000 0.01025 0.0708 
0.01150 0.0488 
1200 0.01255 0.0360 
1400 0.01411 0.0249 
0.01470 0.0234 = 
1600 0.01520 0.0230 
1700 0.01562 0.0239 
1806 0.01598 0.0255 <<. 
0. 01656 0.0888 
2200 0. 01699 0.0839 
0.01757 0.0433 ly 
2800 0.01776 0.0477 
0.01789 0.0518 
0.01802 0.0556 wat 
3600 0.01614 0.0612 4 
4200 0.01819 00695 
4400 0.01819 0.0712 
4600 0.01820 -0 0.0756 
4800 0.01821 -0 02075) 
(0.01822 -0 020768 | 


<= 


TRANSACTIONS OF THE ASME: OCTOBER, 1954 
TABLE 2 NITROGEN-VIRIAL COEFFIGIENTS AND TEMPERATURE DERIVATIVES 


382 
.219 
.087 
9768 
8833 
8067 
. 7399 
$486 
. 4833 
. 4309 
3872 
. 3520 
2962 
. 2380 
. 2099 
1875 
1692 
. 1300 
.1209 
.1127 
1055 
09914 
09346 
. 08836 
. 08378 
07405 
06624 
05983 
. 05454 
. 04986 
04616 
.04282 
.03982 
03724 
03500 


0 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0 

0. 
0. 
0. 
0. 
0. 


ooco 


001102 
0008107 
0005518 
0003204 
. 0001126 
. 00007568 
. 0002430 
. 0004011 
0005415 


=> 


4 


120 -0. 2810 -2.179 2 43 -109.4 >. 

4 4 125 161 2612 -0. 8618 304 - 69.75 
130 -0. 2288 -0. 1166 072 - 45.57 =", 
140 -0.13 6 2030 +0. 3074 050 - 

150 -0.117 1821 +0. 5492 760 20.41 
160 ~0. 1052 1649 6846 13.97 

— mee 
. 7982 1900 - 4.303 

6189 ° 4675 1. 164 

4866 - 1999 0. 6300 
4376 0. 199 

4179 - 08260 0.06750 

4056—- $530 0.02822 
4013. - 0.02568 

3972, - 0.02475 

3930 0.0251 
891 - 06224 0.02662 

- 0.09105 
3778 ~ 068 0.03360 & 4 
3743 71414 0.0390 

3428 2 0. 063 

3321 - 0. 06934 7 
3272 08816 4 

1 

3178 - (ossso 0.07832 
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PABLE 3 OXYGEN-VIRIAL COEFFICIENTS AND TEMPERATURE DERIVATIVES 


dB d?B 3 dC 3 
T= T? Cc 10 == 10 2 
dT dT? aT aT? 


ses Bess ed 


1944 
1624 
1301 
1050 
08600 
07140 
06045 
05200 
04556 
04095 
03714 
03450 
03069 
02904 
02886 
02912 

. 02970 


03056 
03145 


03240 
03340 
03460 
03674 
03840 
04004 
04144 
04290 
04384 
04488 
04572 
04636 
04720 
04746 
04796 
04830 
04848 
04900 


of 


003360 


4 


-0. 2628 0.5224 -1. 760 
-0. 2385 0. 4636 -1.572 
-0. 2181 0.4155 -1.377 
| -0. 1853 0.3418 087 
-0.1720 0.3131 -0. 9767 | 
-0. 1602 0. 2883 -0.8842 
-0. 1403 0. 2484 7383 
-0. 1243 0.2174 -0.6293 -2.148 pat 
-O.1111 0.1928 -0. 5453 -1. 162 | 
-0. 1000 0. 1726 -0.4792 -0. 5511 
-0. 09062 0. 1564 -0.4257 -0.1745 
-0. 08254 0. 1426 -0. 3823 +0. 06565 
-0.07552 0.1309 -0. 3461 2178 
-0. 06940 0.1210 -0. 3156 3135 
-0. 06398 0.1123 -0. 2895 1) 009 - 11.52 eT) 
-0.05915 0. 1048 -0. 2675 34 6097 - 6.411 
-0. 05479 0.09814 -0. 2480 6283 3278 - 6.163 2 ae 
-0. 04739 0.08767 -0.2163 4395 3.035 
-0. 04130 0.07801 -0.1914 4317 1802 - 1.403 34 
-0.03621 0.07071 -0.1715 1164 -—2575 - 0.4869 
-0. 03180 0.06448 -0. 1549 3984 2883 + 0.05161 
-0.02810 0. 05930 -0.1414 809 2930 0. 3491 + 
-0 02484 0. 05483 -0. 1297 643 2844 0.5188 
0.02198 0.05092 -0.1199 494 - 2689 0.5993 
0.01942 0.04748 -0.1112 359 - 2504 0. 6320 tr 
0.01721 0.04448 -0. 1038 2400 - (2313 0. 6350 
0.01339 0.03945 0.09141 9 - 0.5925 
0.01176 0.03732 -0. 08622 o - 0. 5622 =f 
-0. 01027 0.03537 -0.08155 0.5275 
550 -0. 007102 0.03082 -0.07178 1 - 0. 4416 . 
; 600 -0. 004530 0.02791 -0. 06397 9 - 0. 3672 = ; 
650 -0. 002407 0.02517 -0. 05767 0.3017 
700 -0.0006263 0.02288 -0.05243 0. 2479 
750 +0.0008843 0.02092 -0. 04800 9 - 0. 2053 
800 0.002185 0.01924 -0. 04424 $ 0.1709 
850, 0.003354 0.01771 -0. 04084 0. 1423 7 
900 0. 004372 0.01638 -0.03790 0.1183 
950 0.005290 = 0.01517 -0.03524 4 0.09928 
1000 0.006072 0.01413 -0. 03297 - 0. 08290 
1100 0.007182 0.01265 -0.02974 0.05651 
1200 0. 008227 0.01122 -0. 02667 2 0. 04046 
1300 0.009073 0.01004 -0.02415 0.02941 
1400 0.009783 0. 009036 -0.02199 0.02254 
1500 01037 0.008178 -0.02018 0.01814 | 
1600 01088 0.007430 -0.01859 - 0.01554 
1700 01131 0.006774 -0.01721 0.01442 
1800 01168 0.006197 -0.01599 0.01377 
1900 01200 0.005683 -0.01491 0.01361 |, 2 nn 
2000 01228 0.005220 -0.01394 0.01408 ere 
2200 01274 0. 004435 -0.01229 0.01578 
2400 01303 0. 003782 -0.01092 0.01786 
2600 01337 0.003234 -0.009782 0.02021 — = 
2800 01360 0. 002767 -0. 008804 0.02274 
3000 01377 0.002367 -0. 007966 B 0. 02352 4 
3200 01392 0.002018 -0. 007237 wae 0.02754 ee 
3400 01403 0.001711 -0. 006595 3 | 0.02971 ,! 
3600 01412 0.001442 -0. 006026 ( 0.03188 
3800 01419 0.001200 0.005523 0. 03379 
4000 01425 0. 0009848 ~0. 005069 0.03552 
4200 01429 9.0007917 004660 5 0.03722 
4400 01430 0. 0006147 -0. 004288 ond 0.03794 . 
4600 01430 0. 0004570 -9. 003950 0.03957 » 
4800 01430 0. 0003102 -0. 003643 - 0.04101 
5000 01431 0. 0001768 - ( 0. 04225 


TRANSACTIONS OF THE ASME 


TABLE 4 AIR COMPRESSIBILITY FACTOR Z = 


P=0.0200 f-0.1400 f=0.1800 f*0.2200 f+0.2600 p=0.3000 p=0.4000 


0.9706 
0.9738 
0. 9766 
0.9789 
0.9810 
0. 9827 
0. 9842 
0. 9855 
0. 9867 
0. 9878 
0. 9887 
0. 9903 
0.9917 
0. 9928 
0. 9938 
0. 9946 
0 9953 
0 9960 
0. 9966 
0.9970 
0.9975 
0.9979 
0.9983 
0.9986 
0.9993 
0.9999 
1.000 

1, 001 

1.001 


3333333: 


0. 
0. 
0. 
0 
0. 
0 
0 
0 
0. 
0. 
0. 
0. 
0. 
0. 
0 
0 
0. 
0. 
0. 
0 
0 
0. 
0 
0 
0 
0 
0 
0. 
l 
1 
1 
1 
1 
1 
1 
1 
1. 
1 
1 
1. 
1. 
1. 
1. 
5. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1 
1. 


fo) 


3333333 


a 

— 

106 

138 9967 0.9902 

130 9969 0. 9908 0. 9847 

eres 440 9973 0. 9920 0. 9866 0.9813 0. 9759 0. 9652 

iy lady 150 9976 0. 9929 0. 9881 0. 9833 0. 9786 0. 9690 0. 9642 0.9523 

biota! ? 460 9979 0. 9936 0. 9894 0. 9851 0. 9808 0.9723 0. 9681 0.9574 

eee 170 9981 0. 9942 0. 9904 0. 9866 0. 9828 0.9751 0.9713 0. 9617 

ests 180 9983 0. 9948 0.9913 0. 9879 0.9844 0.9775 0.9740 0. 9654 

ae 190 9984 0.9953 0. 9921 0. 9890 0. 9858 0.9795 0. 9764 0. 9686 

oe 200 9086 0. 9957 0. 9928 0. 9899 0. 9871 0.9813 0.9785 0.9713 

i ee ; 210 9987 0. 9960 0. 9934 0. 9908 0. 9881 0. 9829 0. 9803 0.9737 

ERE. 220 9988 0. 9964 0. 9940 0.9915 0. 9891 0. 9843 0. 9819 0.9759 

aa & a 230 9989 0. 9966 0.9944 0.9922 0. 9900 0. 9855 0. 9833 0.9778 

en oss : 240 9990 0. 9969 0. 9948 0. 9928 0. 9908 0. 9866 0. 9846 0.9795 

aaa 260 9991 0.9974 0. 9956 0. 9938 0. 9921 0. 9886 0. 9868 0. 9825 

Bi ae 200 9992 0. 9977 0. 9962 0. 9947 0. 9932 0. 9902 0. 9887 0. 9849 

peste 30c 9993 0. 9980 0. 9967 0. 9954 0.9941 0.9915 0. 9902 0. 9870 

Dae i 380 9994 0. 9983 0.9972 0. 9960 0. 9949 0. 9927 0.9915 0. 9887 

9995 0. 9985 0.9975 0. 9966 0. 9956 0. 9936 0.9927 0. 9902 

gcimees 360 9996 0. 9987 0. 9979 0. 9970 0. 9962 0. 9945 0. 9937 0.9916 

380 9996 0. 9989 0. 9982 0.9974 0. 9967 0 9953 0.9945 0.9927 

400 9997 0. 9990 0. 9984 0.9978 0. 9972 0. 9959 0.9953 0.9938 
a 420 9997 0. 9992 0. 9986 0. 9981 0.9976 0. 9965 0. 9960 0.9947 
pe A : 440 9998 0. 9993 0. 9987 0. 9984 0. 9980 0.9971 0. 9966 0.9955 

ee 460 9998 0.9994 0. 9990 0. 9987 0.9983 0.9975 0.9972 0. 9962 — 

480 9998 0. 9995 0. 9992 0. 9989 0. 9986 0. 9980 0.9977 0. 9969 

ee fl 500 9999 0. 9996 0.9994 0.9991 0. 9989 0. 9984 0.9981 0.9975 - 

RRA. - wy $50 9999 0.9998 0.9997 0. 9996 0.9994 0. 9992 0.9991 0. 9988 : 

ae 7 600 000 1. 000 1. 000 0. 9999 0.9999 0.9999 0. 9999 0.999 

650 000 1. 000 1.000 1. 000 1. 000 1. 000 1.000 1.001 

700 000 1. 000 1. 000 1 000 1.00) 1. @81 }.@01 1.081 

Pate > J 750 000 1. 000 1 000 1. 001 1.001 1.00) 1.002 1.002 ; 

800 000 1. 000 1 001 1. 001 1. 001 1.001 1.002 1. 002 1.003 id 

850 000 1. 000 1.001 1001 001 1. 002 1 002 1 002 1.003 

900 000 1.001 1 001 001 002 1.002 1.002 1.003 1.004 = 

950 000 1. 000 1.001 1. 001 002 1.002 1. 002 1.003 1.004 

Sey 1000 000 1.001 1.001 1.001 002 1.002 1.003 1.003 1.004 

1100 1.001 1.001 1. 002 002 1. 002 1.003 1.003 1.005 

1200 00 1.001 1.001 1. 002 002 1. 003 1.003 1.004 1. 
ae . 1300 00 1. 001 1.001 1.002 002 1. 003 1. 004 1. 004 1. 005 

na, Oo 1400 00 1.001 1.001 1.002 002 1.003 1. 004 1. 004 1.006 

oat 7 1500 1.001 1. 001 1. 002 003 1.003 1. 004 1. 004 1.006 

1600 0 1.001 1.001 1 002 003 1.003 1. 004 1.004 1.006 

1700 0 1.001 1.001 1. 003 003 1.003 1. 004 1. 005 1.006 

ae 1800 00 1.001 1.002 1.002 003 1. 004 1. 004 1.005 1.006 7 

ha oe 1900 00 1.001 1. 002 1. 002 003 1. 004 1. 004 1. 005 1.006 

- 2000 1.001 1. 002 1.002 003 1 1. 004 1. 005 1.007 

2200 0 1.001 1. 002 1. 002 003 1. 004 1. 005 1.007 

2400 1.001 1.002 1. 002 003 1. 004 1.005 1.007 

1.001 1. 002 1. 002 003 1. 004 1. 005 1.007 

00 1.001 1. 002 1. 002 003 1.005 1.005 1.007 
3000 0 1.001 1. 002 1.002 003 1. 005 1.005 1.007 

3200 00 1.001 1.002 1. 002 003 1. 005 1.005 1.007 

read oa 1 3400 00 1.001 1.002 1.002 003 1. 005 1.005 1.007 AYS 

3600 1.0011 1.0018 1. 002! 0033 1. 0047 1.0055 1.0073 

3800 00 1. 001 1. 002 1.002 003 1.005 1.005 1.007 

1.001 1. 002 1.002 003 1. 005 1.005 1.007 

1. 001 1.002 1.002 003 1.005 1. 005 1.007 

4400 0 1.001 1. 002 1.002 003 1. 005 1. 005 1.007 
4600 00 1. 001 1.002 1.002 003 1. 005 1.005 1.00700 
ee. ay 4800 00 1.001 1. 002 1.002 003 1. 005 1.005 1.007 a 
5000 00 1.001 1. 002 1.002 003 1.005 1. 005 1.007 


TABLE 4 (Ce 


p=0.6000 /-=1.000 21.200 P=1. 800 


oo 
Qe 
© 


ooo eo © 
Dw 


‘ 


Pi) 


@ 


0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0 
0. 
0 
0. 
0. 
0. 
0. 
0. 
0 
1. 
L 
4 
1 
1. 
1. 
1 
4 
1 
1. 
1. 
1. 
d. 
1 


MALL, IBELE—IMPERFECT-GAS PROPERTIES FOR AIR, NITROGEN, AND OXYGEN 
160 
108 
110 
130 
160 9362 0.9149 
170 9426 0. 9235 0. 9045 1855 
180 0. 9310 0.9138 1967 8456 
190 0.9373 9218 06 3 8601 0.8143 
200 0.9428 9287 146 8726 0.8311 0.7901 0. 7495 a 
210 7 0. 9476 9347 218 8835 0. 8456 0. 8083 0.7714 7351 or 
220 0. 9520 9402 284 33 0. 8587 0. 8247 0.7911 581 — : 
230 0.9558 9449 341 19 0. 8702 0. 8390 0. 8083 781 
4 240 0.9592 9492 392 95 0. 8804 0. 8517 0. 8236 959 — - 
260 0. 9652 9566 481 28 0. 8980 0. 8738 0. 8499 20660 
280 0. 9700 9627 554 37 0.9126 0. 8918 0. 8715 517 aaa 7 
300 9805 0.9742 9678 615 9429 0.9248 0. 9070 0. 8897 — 
320 9832 0.9777 9722 668 9508 0.9352 0.9200 0.9053 909 — | 
340 | 9854 0. 9807 9760 713 9575 0.9442 0.9312 0.9186 065 - - 
360 9874 0.9833 9793 752 9634 0.9520 0. 9409 0.9302 199 
380 9892 0. 9856 9822 787 86 0.9539 0. 9495 0. 9405 318 a) 
400 9907 0.9877 9847 818 32 0. 9650 0.9571 — 0 9496 (2400 ‘ 
420 9921 0. 9895 9870 9845 9773 0 9704 0. 9639 0.9577 518 
440 9933 0.9912 9890 9870 0 9809 0 9753 0 9699 0. 9648 502 
460 9944 0. 9926 9909 9892 0 9842 0 9796 0.9754 0.9714 578 
480 9954 0. 9940 9925 9912 0 9872 0. 9836 0. 9803 0.9773 147 
500 9963 0. 9952 9941 9930 9900 0 9872 0. 9848 0.9827 310 ; 
$50 9983 0.9978 9973 9969 9958 0. 9950 0.9944 0.9942 044 7 
9999 0.9999 9999 1. 000 . 000 1.001 1.002 1.004 005 
001 1.002 002 1.003 004 1. 006 1. 009 1.011 014 
002 1. 003 004 1. 005 . 008 1.011 1.014 1.018 022 
003 1. 004 005 1.007 010 1.014 1.019 1.023 028 
800 004 1. 005 007 1.008 1.018 1.023 1.028 034 
005 1. 006 008 1.010 015 1.020 1.026 1.032 038 
005 1.007 009 1.011 017 1.023 1.028 1.036 043 
950 006 1.008 010 1.012 018 1.025 1.032 1.039 046 
1000 006 1.008 011 1.013 .020 1.027 1.034 1.042 050 + 
100 007 1.009 012 1.014 022 1.030 1.038 1. 046 055 a 
008 1.010 013 1.016 024 1.032 1.041 1.050 059 
1300 . 008 1.011 014 1.017 025 1.034 1.043 1.053 063 
1400 008 1.012 014 1.017 . 026 1.036 1.046 1.055 066 
1500 009 1.012 015 1.018 028 1.037 1.047 1.058 068 
1600 009 1.012 016 1.019 028 1.038 1.049 1.059 070 
009 1.013 016 1.019 029 1.039 1.050 1.061 072 
1800 010 1.013 016 1.020 .030 1. 040 1.051 1.062 073 _ 
. | 900 010 1.013 017 1.020 .030 1.041 1.052 1.063 074 
2000 010 1.013 017 1.020 031 1.042 1.053 1.064 076 
010 1.014 017 1.021 1.043 1.054 1.065 077 
2400 010 1.014 018 1.021 032 1.043 1.055 1. 066 078 
2600 O11 1.014 018 1.022 .033 1.044 1.056 1.067 1.079 7 « 
2800 011 1.014 018 1.022 .033 1.044 1.056 1.068 1.080 -3§ 
3000 1.014 018 1.022 1.045 1. 056 1.068 1.081 
3200 011 1.015 018 1.022 033 1.045 1.057 1.069 1.081 ‘ae 
3400 O11 1.015 018 1.022 034 1.045 1.057 1.069 1.061 ar 
3600 011 1.015 018 1.022 034 1.045 1.057 1.069 1.061 SS 
3800 011 1.015 018 1.022 034 1.045 1.057 1.069 1.081 7 
4000 11 1.015 018 1.022 034 1.045 1.087 1.069 1.081 . 
11 1.015 018 1.022 034 1.045 1.087 1.069 1.081 
11 1.015 018 1.022 034 1.045 1.057 1.069 1.081 
4600 11 1.015 018 1.022 . 034 1.045 1.057 1.069 1.081 S| 
4800 11 1.015 018 1.022 034 1.045 1.087 1.069 1.061 - 
5000 015 018 1.022 1,045, 1.057 1.069 1.081 
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PABLE 4 Continued 


£=6. 000 £=7..000 P=8. 000 


| 
210 0.71 59 . 7240 0. 0 . 7909 

7386 71 0 2 0.776 2 
230 0. 7808 7594 0.7008 0. 8096 
Ning 2 0. $0 .79 >| 
2400 0. 796 48 0. 8294 0. 4 6758 
360 0.92 3 0428 0. 9781 
4 we 420. 0. 0. 9768 2 . 048 

460 0.97 012 1.032 66 . 08 ‘ 
550 1. 35 1.05 5 .10 
Fy £ 19 0 1.08 6 

900 1. 05 2 106 1. 161 
cee if 067 16 1.1 169 
| oe i 1600 1.0 110 1.13 159 . 18 a 
“ 700 1.088 2 1.135 1. 
7 3600 1.097 119 1.141 ‘ 187 
A «ga 8 119 1 164 = 
3400 1.08 119 1.141 =, 
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TABLE 5 NITROGEN COMPRESSIBILITY FACTOR Z = 1+ Bp + Cop? 


P=0.0200 p=0.0500 f+0.1000 f*0.1500 P+0.2000 f+0.2500 f+0.3000 f+0.4000 /=0.6000 


0.99591 
0.99627 
0. 99654 
0.9968 
0.9970 
0.9974 
0.9976 
0.9979 
0.9981 
0. 9983 
0.9984 
0.9986 
0. 9987 
0.9988 
0. 9989 
0.9990 
0.9991 
0. 9992 
0. 9994 
0.9994 
0. 9995 
0. 9996 
0. 9996 
0.9997 


3333333: 


ooo 


0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
a. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
8. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 


| 


| 
- : 
. 100 
105 
110 
115 
120 
125 
140 
150 
160 
170 
180 
190 
200 
210 4 
220 
230 
280 
300 
320 
400 | 
420 9998 994 9975 9969 995 
440 0. 9998 9995 9990 9979 9974 9959 0. 9940 
| 9996 9992 9983 9979 9967 0. 9951 
480 = 0. 9999 9997 9993 9986 9983 9074 0. 9961 = : 
$00 9997 9995 9990 9987 9980 0. 9970 
 -§50 9999 9998 9996 9996 9993 0. 9990 
600 0000 000 000 000 000 1. 000 
650 000 000 000 001 001 1.002 ~*~ 4 
100 000 000 001 001 002 1.003 - 
750 000 000 001 002 002 
000 001 002 002 003 1.005 
850 002 ‘ 1.005 
950 
1600 
1100 
1300 001 001 003 004 006 1.009 || 
4400 001 002 003 004 006 1.009 
. 1500 001 002 003 004 006 1.010 : 
| 1600 001 002 003 004 1.010 ; 
1700 001 002 003 004 1.010 
1800 001 002 003 004 1.010 
001 002 004 004 | 1.011 
9000 001 002 004 004 1.011 
001 002 004 004 
2400 001 002 004 005 pees Oe 
2600 001 002 004 005 1.011 
2800 001 002 004 005 1.011 
3000 01 002 004 005 1.012 
3200 01 002 | 004 005 1.012 
{ 3400 01 002 004 005 1.012 
3600 01 002 004 005 1.012 = 
3800 01 002 004 005 1.012 
4200 001 002 004 005 1.012 
4400 001 | 002 | 004 005 1.012 
4600 001 002 004 005 012 
4800 01 002 004 005 10 8 
5000 01 002 004 005 


TRANSACTIONS OF THE ASME OCTOBER, 1954 


TABLE 5 (Continued) 


P=1.500 pP-2.500 P=3.000 P+4.000 =4.500 


’ 


Sn 


0. 
0. 
0. 
0. 
0. 
0 
0. 
0. 
0 
0 
0 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
1. 
1. 
i. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
i. 
1. 
3. 


a‘ - 
9246 . 72866 
170 9319 0.9151 8474 7526 0.7234 
iy 190 9437 0. 9298 8731 7930 0.7690 
210 0.9412 8934 | 0. 8205 
9528 . 8390 
ayo 0.9502 9166 ease ‘0. 8699 
a4 9689 0. 9576 . 9287 9002 0. 889 
9708 0. 9636 . 9389 9151 0. 9058 
9749 0. 9688 9476 9280 0.9203 
320 9815 0.9770 9496 0. 0444 
9842 0. 9803 9675 9586 0. 9546 +7 
9865 0. 9832 9666 0.0636 
| 380 9885 0.9858 9739 0.9718 
400 9904 9813 9805 0.9792 
9920 0.9901 . 9850 9865 0.988800 
9935 0, 9920 9883 9999 1.001 
460 9948 0. 9937 9914 010 1.012 
480 0. 9952 9981 018 1.023 
1 1.001 . 007 1.03 
“4 0 002 1 048 - 
1.008 019 1.056 
“i 960 009 1.012 027 
4000 010 1.013 029 1.077 
1100 011 1.014 .031 1.080 
1200 012 1.015 . 032 
ne on 1300 012 1.016 . 033 
3 1400 013 1.016 . 034 
1500 013 1.017 .035 
1600 014 1.017 . 036 077 
014 1.018 036 079 
014 080 
1900 014 1.018 .038 081 
2000 18 092 
: 1.0 .038 
dee 015 081 3 
“ 2200 1.019 .039 082 
3600 018 1.019 039 082 oss 
3000 016 1.020 040 082 003 
$200 1.030 . 040 062 oes 
= 3800 016 1. 030 082 093 
4000 o16 1.020 082 
4200 018 1.030 082 
4400 1.020 . 040 
7 4600 016 1.020 


* 
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TABLE 5 (Continued 


=7. =8.000 
P=5.000 p-=6.000 p=7.000 p-8 


= 


beac 


a 
atede 


eta & 


a 
4 


& 


Be 
& 
eg 


& 

@ 
& 


om 
° 
. 
-eh 
+, 
260 0. 8023 
300 0. 8570 
320 0. 8784 
340 0.8968 
360 0.9129 aL 
440 0. 9608 
480 0.9781 
500 0 9856 we 
550 1.002 ve 
600 1014 if he « ~~ 
1.034 
1.042 
 . 
ime: 
ooti if 
oer 
| os 
PORE 
and 
aly 


ASME 


TRANSACTIONS OF THE 


TABLE 6 OXYGEN COMPRESSIBILITY FACTOR Z = 1 + Bp + Cot 


0. 99680 
0 99719 0.99298 
0.99751 0.99378 
0.99778 0.99444 
0.99800 0.99500 
0.99819 0.99547 
0.99835 0.99587 
0.99849 0.99622 
0.99861 0.99653 
0.99872 0.99680 
0.99882 0.99704 
0.99890 0.99726 
0.99905 0.99763 
0.99917 0.99794 
0.99928 0.99819 
0. 99936 0. 99841 
0.99944 0.99860 
0.99950 0.99876 
0.99956 0.99890 
0.99961 0.99903 
0.99966 0.99914 
0.99970 0.99924 
0.99973 0.99933 
0.99976 0.99941 
0.99979 0.99949 
0. 99986 0.99964 
0.99991 0.99977 
099995 0.99988 
0.99999 0.99997 
1. 00002 
1. 00004 
1.00007 
1.00009 
1. 00010 
1.00012 
1.00014 
1.00016 
1.00018 
1.00020 
1.00021 
1.00022 
1.00023 
1.00023 
1. 00024 
1. 00024 
1.00025 
1. 00026 
1.00027 
1. 00027 
1. 00028 
1. 00028 
1.90028 
1. 00028 
1. 00028 
1.00028 
1. 00028 
1.00029 
1. 00029 
1.00029 
1.00029 

* 


eco 


- 99983 
. 00029 
. 00088 
. 00103 
. 00133 
. 00161 
. 00184 
. 00218 
. 00249 
. 00274 
. 00296 
00313 
. 00328 
. 00341 
. 00352 
. 00362 
. 00370 
. 00383 
. 00393 
00403 
. 00410 
. 00415 
00419 
. 00423 
00425 
00427 
00429 
00430 
00431 
. 00431 
00431 
00431 


moose 


4 
i= 


7 


TR 0.0500 P=0.1000 1500 P=0.2500 p=0.3000 f=0.4000 p-0.6000 
169 0.98888 0.98331 0.97773 
0.98999 0.98499 0.97998 17496 96995 0.95991 
Be 0.99094 0.98640 0.98187 17733 0.96372 0.94556 
190 0.99175 0.98762 0.98349 97524 0.96699 0.95050 
0.99245 0.98868 0.98490 8113 97736 0.96983 0.95477 
210 0.99306 0.98960 0.98613 8267 97921 0.97229 0.95847 
0.99361 0.99042 0.98723 8404 98085 0.97448 0.96177 
0.99409 0.99114 0.98819 8524 98229 0.97640 0.96466 
240 0.99452 0.99179 0.98906 18633 98360 0.97815 0.96728 
0.99526 0.99290 0.99054 8818 98582 0.98111 0.97172 
280 0.99587 0.99381 0.99176 8970 98765 0.98355 0.97538 
ae 99 0.99638 0.99458 0.99277 9097 98917 0.98558 0.97842 7 
0.99682 0.99524 0.99366 9207 99050 0.98734 0.98106 
ya 0.99719 0.99579 0.99440 9300 99160 0.98882 0.98328 
0.99752 0.99628 0.99505 9381 99258 0.99012 0.98523 
0.99780 0.99671 0.99562 9453 99344 0.99126 0.986946 ay 
400 0.99806 0.99709 0.99613 9516 99420 0.99228 0.98847 
0.99828 0.99742 0.99657 9572 99487 0.99317 0.98979 
440 0.99848 0.99773 0.99697 99622 99547 0.99397 0.99099 
460 0.99866 0.99800 0.99733 99667 99601 0.99469 0.99208 . 
0.99883- 0.99824 0.99766 99708 99650 0.99534 0.99305 
0.99898 0.99847 0.99796 9745 99694 0.99594 0.99394 
0.99929 0.99894 0.99859 9824 99789 0.99720 0.99584 
an 600 0.99955 0.99933 0.99910 9887 99866 0.99823 0.99738 
0.99976 0.99964 0.99953 9941 0.99908 0.99865 
0.99994 0.99991 0.99988 9986 0.99979 0.99972 
1.00009 1.00014 1.00019 0024 1.00039 1. 00062 
800 1.00022 1.00033 1.00045 1.00056 1.00091 1.00140 
ae 850 1.00034 1.00051 1.00068 1.00085 1.00138 1.00210 
900 1.00044 1.00066 1.00088 1.00111 1.00179 1.00271 
950 1.00053 1.00080 1.00107 1.00134 1.00215 1.00326 
1000 1.00061 1.00092 1.00122 1.00153 1.00247 1.00373 
fhe 1100 1.00072 1.00108 1.00144 1.00181 1.00291 1.00439 
1200 1.00082 1.00124 1.00165 1.00207 1.00333 1.00502 
1300 1.00091 1.00137 1.00182 1.00228 1.00366 1.00552 
1400 1.00098 1.00147 1.00196 1.00246 1.00395 1.00595 
1800 1.00104 1.00156 1.00208 1.00261 1.00418 1.00630 
4 1600 1.00109 1.00164 1.00218 1.00273 1.00439 1.00661 
1700 1.00113 1.00170 1.00227 1.00284 1.00456 1.00686 
1800 1.00117 1.00176 1.00234 1.00293 1.00471 1.00709 
1900 1.00120 1.00180 1.00241 1.00483 1.00728 > 
2000 1.00123 1.00185 1.00246 1.00495 1.007440 
2200 1.00127 1.00191 1.00255 1.00512 1.00770 
2400 1.00130 1.00196 1.00261 1.00524 1.00789 
2600 1.00134 1.00201 1.00268 1.00538 1.00819 
2800 1.00136 1.00204 1.00273 1.00547 1.00823 
3000 1.00138 1. 00207 1. 00276 1. 00554 1.00833 
3200 1.00139 1.00209 1.00279 1. 00560 
3400 1.00140 1 00211 1 00281 1.00564 1.00849 
3600 1.00141 1.00212 1 00283 1.00568 1.00854 
3800 1.00142 1.00213 1.00284 1.00570 1. 00858 = 
ey 4000 1.00143 1.00214 1. 00286 00573 1. 00862 ri 
4200 1.00143 1.00215 1 00286 00574 1 00864 a 
4400 1.00143 1.00215 1 00287 00575 00864 
4600 1.00143 1.00215 ~=1.00287 00575 1 00864 
4800 1.00143 1.00215 1.00287 00575 1. 00864 
5000 1.00143 1.00215 1.00287 00575 «1.00865 
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PABLE 6 Continued) 


P=0.8000 P=2.000 P=2.500 p=3.000 p=3.500 p4.000 p=4.500 


see 
& 


0. 93401 
0.93972 
0. 94468 
0. 94909 
0. 95294 
0. 95644 
0. 96237 
0.96724 
0. 97130 
0. 97481 
0.97777 
0. 98036 
0. 98264 
0. 98468 
0. 98644 
0. 98804 
0. 98948 
0.99078 
0. 99197 
0. 989450 
0.99655 
0. 99824 
0. 99966 
1. 00087 
1.00190 
1. 00284 
1.00365 
1.00438 
1.00501 
1.00589 
1. 00673 
1.00740 
1.00797 
1. 00844 
1. 008684 
1.00919 
1.00948 
1.00974 
1. 00996 
1.01033 
1.01056 
1.01083 
1.01101 
1.01114 
1.01126 
1.01135 
1.01142 
1.01147 
1.01152 
1.01155 
1 
1 
1 
1 


00229 
00900 
01478 
01998 
02450 
02859 
03207 
03701 
04166 
04542 
04858 
05118 
05343 
05533 
. 05696 
05836 
.05958 
06159 
. 06282 
. 06429 
06526 
06597 
06659 
06703 
06738 
06765 
06787 
06800 
06800 
06796 
. 06782 
1.06792 


0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0. 
0 
0. 
1. 
1. 
1 
1. 
1. 
1. 
1. 
1 
1. 
1. 
1. 
i. 
i. 
1 
1. 
1. 
1 
1. 
1. 
1. 
1 
1 
1 
1 
1. 
1 
1. 
1. 
1 
1 


~ 
105) 
4 
110 
4 
21000 0. 93091 89660 0. 86245 1 
0. 93643 90493 0. 87361 0. 84248 
0. 94126 91219 0. 88262 0.85468 0.82622 0.79798 
0. 94564 91878 0. 89213 0.86570 0.83948 0.81348 0.78769 0.76212 
260 ~ 0. 9530 92990 0. 90698 0.88427 0.86178 0.83952 0.81747 0. 70564 
0. 9591 93902 0. 91913 0.89945 0.87998 0.86074 0. 84171 0. 82289 
0. 9642 64662 0.92924 0.91208 0.89512 0.87836 0. 86182 
9200 0. 96860 95320 0.93799 0.92299 0.90818 0.89358 0.87917 0. 86497 
0.97229 95873 0. 94536 0.93219 0.91921 0.90643 0.89384 0. 88145 
. 0.97552 96356 0.95178 0.94018 0.923876 0.91752 0.90647 0. 89560 
 380—C—~*” 0.9783 96782 0. 95744 0.94723 0.93720 0.92735 0.91767 0. 90816 
400,” 0. 9809 97162 0. 96250 0.95355 0.94476 0.93614 0.92769 0. 91041 
0.98311 97491 0. 96688 0.95900 0.95120 0.94374 0. 93635 0.92012 
44000 0.98511 97791 0. 97086 0.96396 0.95722 0.95064 0. 94422 0. 93796 
4600 0. 98691 98060 0.97444 0.96843 0.96257 0. 95687 0.95132 0.94502 : 7 
480 0. 98854 98303 0. 97767 0.97246 0.96739 0.96248 0.95771 0. 95309 _- 
500 = 0. 99002 98525 0. 98062 0.97614 0.97180 0.96761 0. 96356 0. 95966 aH 
0.99317 98997 0. 98690 0.98397 0.98118 0.97852 0. 97601 0.97363 
0.99574 99380 0.99200 0.99034 0.98880 0.98740 0.98613 0. 98500 
= 0. 9978! 99697 0. 99622 0.99560 0.99510 0.99474 0.99450 0.99440 
700 0. 9996 99963 0. 99976 1. 00001 1. 00039 1. 00090 1.00157 . 
1.0011 00188 1. 00276 1. 00376 1.00488 1. 00613 1. 00750 
800 1. 0024 00383 1.00535 1. 00699 1.00875 1.01064 1.01265 an oe, 
Ct 1. 0036 00557 1. 00767 1. 00989 1.01223 1.01469 1.01727 Be 
900 1. 0046 00709 1.00970 1.01242 1.01526 1.01822 1.02130 
90 1.0055 00847 1.01152 1.01470 1.01800 1.02141 1.02494 
] 1000 1. 0063 00964 1.01308 1 01664 1.02033 1.02412 1.02804 , oe 
1100 1.0074 01129 1.01529 1.01940 1.02363 1.02798 1.03244 7 7 
1200 1. 0084! 01286 1.01737 1. 02200 1.02674 1. 03160 1.03658 = 
1300 1. 00931 01412 1.01905 1.02410 1.02926 1.03454 1. 03992 
1.0100 01518 1. 02046 1. 02586 1.03137 1. 03699 1.04273 
18000 1.01059 01606 1.02163 1.02732 1.03312 1.03902 1.04504 
16000 1.01110 01682 1. 02264 1. 02858 1. 03463 1.04078 1.04705 
17000 1.01153 01746 1.02350 1. 02964 1. 03590 1.04227 1.04874 
1800 1.01191 01801 1.02423 1. 03056 1. 03699 1 04354 1.05019 ee 
° 1900 - 1. 0122: 01848 1. 02486 1.03134 1.03794 1 04464 1.05144 oa 
2000 1.0124: 01890 1. 02541 1.03204 1. 03876 1. 04560 1.05254 
2200 1.012%! 01958 1. 02632 1.03316 1.04011 1. 04716 1.05432 
2400 1.01324 02001 1.02689 1. 03387 1.04095 1.04814 1.05543 ; 
2600 1.0135’ 02051 1. 02756 1. 03470 1.04194 1.04929 1.05674 ‘ 
2800 1. 0138 02085 1. 02800 1.03525 1.04261 1 05006 1.05761 
1.01397 02110 1.02833 1. 03566 1.04309 1.05062 1.05824 
3200 1.0141: 02132 1.02862 1. 03602 1.04352 1.05111 1.05880 
3400 1.01422 02148 1. 02883 1. 03628 1. 04382 1.05146 1.05920 
3600 1.01431 02161 1.02900 1. 03648 1. 04407 1.05174 05952 
3800 1.01438 02171 1.02913 1 03664 1. 04426 1.05196 1. 05976 
4000 1.01443 02179 1. 02924 1. 03678 1 04441 1.05214 1. 05996 
4200 1.01447 02184 1.02931 1. 03686 1.04451 1.05225 1. 06008 re 
4400—™”*” 1.01448 02186 1. 02932 1. 03688 1. 04452 1. 05226 1. 06008 
4600 4 1.01448 02185 1.02931 1. 03686 1. 04450 1.05223 1. 06005 7 
4800 A 1.01448 02185 1.02930 1 03685 1. 04448 1.05221 1. 06002 ' : 
1.01448 02186 1. 02932 1. 03686 1. 04450 1.05222 1.06002 = 
4 
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TABLE 6 (Continwed) 


p=5.000 p=6.000 p-7.000 p=8. 000 


j 
| 
j 
| 
| 


_ as 


i 
© 
a 
© 
~ 
t 
+ 
* 
t 
4 
> 
é 
3 
e 


ye 

260 0.77404 0.73148 0. 68980 0. 64901 0. 60909 

280 0. 80429 0.76774 0.73205 0.69723 0. 66327 
300 0. 82936 0.79773 0. 76693 0. 73697 0. 70784 
320 0. 85096 0. 82354 0.79692 0.77110 0. 74607 
340 0. 86925 0. 84544 0.82241 0. 80017 0.77870 
360 0. 88491 0 86407 0. 84397 0. 82460 0. 80595 
380 0. 89884 0. 88070 0. 86326 0. 84652 0. 83048 

400 0.91130 0. 89557 0. 88052 0. 86614 0. 85243 

420 0. 92206 0. 90841 0. 89542 0. 88307 0. 87137 O° 
440 0.93185 0.92010 0. 90898 0. 89849 0. 88862 
460 0. 94067 0. 93064 0.92121 0.91239 0.90419 
480 0.94862 0.94013 0.93223 0. 92493 0.91822 
500 0.95590 0. 94882 0.94232 0. 93640 0. 93106 

A 550 0.97139 0. 96733 0. 96381 0. 96085 0. 95845 : oe 
600 0. 98400 0. 98239 0.98132 0.98078 0. 98077 
650 0.99442 0. 99486 0.99581 0.99728 0.99926 ont 
700 1.00318 1.00533 1.00799 1.01115 1.01482 bet 
750 1.01062 1.01423 1.01834 1.02294 1.02804 
800 1.01703 1.02190 1.02726 1.03312 1.03945 
850 1.02280 1. 02880 1.03529 1.04226 1.04972 
900 1.02782 1.03482 1.04230 1.05025 1. 05867 208 
950 1.03236 1.04025 1.04861 1.05745 1. 06676 

1000 1. 03622 1. 04487 1.05399 1.06358 1.07364 
1100 1.04170 1.05144 1.06163 1.07229 1. 08341 wert 
1200 1. 04686 1.05761 1. 06882 1. 08048 1.09261 
1300 1.05104 1.06261 1.07463 1.08710 1. 10004 
eae 1400 1.05454 1. 06679 1.07950 1.09265 1. 10626 =" 
1500 1.05742 1.07024 1.08351 1.09722 1.11138 

1600 1.05992 1.07323 1.08698 1.10117 1. 11580 

1700 1.06202 1.07574 1. 08990 1.10449 1.11952 
1800 1.06383 1.07790 1.09240 1.10733 1.12270 

aie 1900 1.06538 1.07975 1.09455 1.10978 1.12544 “x 
2000 1.06674 1.08137 1.09643 1.11191 1.12782 abet 

2200 1. 06896 1.08401 1.09948 1.11537 1.13169 
2400 1.07032 1. 08563 1.10135 1.11748 1.13403 
2600 1.07194 1. 08756 1. 10358 1 12000 1 13684 
2800 1.07302 1.08882 1.10803 1.12164 1. 13866 

3000 1.07380 1.08974 1. 10608 1. 12282 1.13995 
3200 1.07448 1.09054 1. 10700 1. 12384 1. 14108 
3400 1. 07406 1.09110 1.10763 1.12455 1.14185 gon, 
3600 1.07534 1.09155 1.10814 1. 12510 1. 14244 oes 
3800 1.07563 1.09188 1. 10851 1.12551 1.14288 
4000 1.07587 1.09215 1. 10880 1. 12583 1.14322 

ere 4200 1.07601 1.00231 1. 10897 1. 12600 1. 14339 nT) 

4400 1.07601 1.00229 1. 10893 1.12594 1. 14330 | 

4600 1. 07596 1.09222 1. 10883 1. 12580 1.14313 
4800 1. 07590 1.09214 1. 10873 1.12567 1. 14296 

= 

caren 5000 1.07590 1.09213 1. 10870 1. 12562 1. 14289 Spee 


HALL, 


where 
XN 2 ) 
Xx, + Xo, 


an = + Xa (5 


Using the foree constants for O; and Ny and the adjusted com- 
Position for air, a basic set of values for virial coefficients for nitro- 
_ oxygen, and air were computed from the tables of Bird and 


IBLLE 
Xm = Yn, + Xa ( 


Spotz (10). These tabulations are given in Tables 1, 2, and 3. 
These tables may be used to calculate the compressibility factor 
The 


5, and 


and hence the pressure according to Equations [2] and [1]. 
compressibility factors thus obtained are given by Tables 4, ‘ 
6. 


CoRRECTIONS TO THERMODYNAMIC PROPERTIES 


Corrections to the zero-density thermodynamic properties as 

given for the several gases as perfect gases (10, 12) are obtained 

z terms of the virial coefficients and their temperature deriva- 
The most important of these are 


tives, 
h—I® = RT TR’)p - 1") {20} 


R Ez += (B—C + TC’) 
2 


-C + 2TC'|p*} 


+ Rinp =- 


(2TB’ + 7°B")p 4 


= R{1 + 27R'p + — TB’)*- 


where h® and C,° represent the zeroedensity properties, and S* 

the gas entropy at 1 atm pressure. These corrections for the 

three gases are tabulated for the same range of temperatures and 

density as Tables 4 to 6. 

In addition to these corrections many others such as Joule- 
Thompson coefficient, specific-heat ratio, and velocity of sound 
may be computed to comparable degrees of accuracy by use of 
the same set of virial coefficients and temperature derivatives. 
The only comparative results available are recent tables pub- 
lished by the National Bureau of Standards (14). For the range 
in which the two tables are comparable the agreement is always 
within '/; per cent in compressibility factor. Similar agree 
ment exists with Curtiss and Hirschfelder (2) for the range of 
applicability of the Beattie-Bridgman equation used in their 
tabulation. 

There is one essential difference between the present tabulation 
and that of the National Bureau of Standards data. At high 
temperatures NBS considers the effect of dissociation while the 
present data do not. The question of which is the more correct 
procedure can be answered adequately only by reference to the 
application to be made. It is desirable accordingly to have prop- 
erties available in both forms. 

The tabulations are carried out to a constant limiting density 
of about 40 per cent of the critical density. This limit was deter- 
mined by the point at which the contribution of the fourth virial 
coefficient increases to a degree comparable to the uncertainties 
inherent in the available experimental data. 
sible to obtain rough estimates to much higher densities but relia- 

ble tabulations must depend on obtaining data from more re- 
fined experiments. 


It is of course pos- 
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This tabular limit is shown for air in Fig. 2. Also for com- 
parative purposes are shown the limits of applicability within 
certain values of error for the perfect-gas equation and for the 
van der Waals equation. Aside from a narrow singular re 
where both equations are fortuitously quite accurate, the ag 
bounds correspond approximately to lines of constant density, 
In general, density is the fundamental quantity determining the 
limit of validity of an equation of state rather than pressure, 
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Discussion < 


The calculations performed by the authors are 


Binp.* 
a nice example of the applications of statistical mechanics which 
are described in a companion paper.6 Constant progress is cur- 
rently being made in the preparation of usable tables which 
relate bulk properties with molecular parameters. 

It should be pointed out that the negleet of the “interaction 
terms’’ B and y may not always be valid. In calculations for 
mixtures of substances which are structurally quite different or 
which have very different potential-energy functions, the inter- 
action terms may be significant, for example, in a mixture of 
hydrogen and methane. Furthermore, there is really no need to 
neglect these terms inasmuch as it is very easy to calculate the 
By, of Equation [6] of the paper and the Cy» and Ci» may be 
readily estimated.©? 

Also, it is not necessary to restrict the contents of the air mix- 
ture to nitrogen and oxygen, inasmuch as calculations for multi- 
component mixtures present no difficulties.** In addition, if 
moisture content needs to be taken into account, this also can 
be done easily, since tables are available for calculating the virial 
coefficients of polar gases and mixtures of polar and nonpolar 

In connection with the use of the Lennard-Jones potential it 
should be pointed out that the agreement between the calculated 
and experimental third virial coefficients is not exceptionally 
good.* This lack of agreement puts a definite restriction on 
the validity of the results. Also, the Lennard-Jones potential is 
not sufficiently good to describe the temperature dependence 
of the second virial coefficient over the great range of tempera- 
tures in the authors’ calculation. It would be worth while to 
compare the values of the second virial coefficient of nitrogen 


* Department of Chemical Engineering, College of Engineering 
The University of Wisconsin, Madison, Wis. 

‘The Theoretical Calculation of the Equation of State and 
Transport Properties of Gases and Liquids,” by R. B. Bird, J. 0. 
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1038, 

*The Molecular Theory of Gases and Liquids,” by J. O. Hirsch- 
felder, ©. F. Curtiss, and R. B. Bird, John Wiley & Sons, Inc., New 
York, N. Y., 1954—Virial-coefficient calculations for mixtures are 
described on pp. 168, 173, and 223. 

Third Virial Coefficient for Nonpolar Gases," by R. B. 
Bird, Ellen L. Spots, and J. O. Hirschfelder, Journal of Chemical 
Physics, vol. 18, 1950, pp. 1395-1402. 

* See, for example, §2d of footnote 6, or $3.10f of footnote 7. 

**Intermolecular Forces and the Virial Equation of State,” 
by R. B. Bird, Doctoral Dissertation, University of Wisconsin, 1950. 

“Het Principe van Overeenstemmende Toestanden,”’ by R. J. 
Lunbeck, Doctoral Dissertation, University of Amsterdam, The 
Netherlands. 


_ regions while decreasing the accuracy in other regions. 


and oxygen at 5000 R as calculated by means of the Lennard- 
Jones potential, the modified Buckingham (6-exp) potential,!»'? 
and the Kihara potential’’ (which takes into account the ‘“ellip- 
soidal” or “spherocylindrical”’ shape of diatomic molecules). 


L.C. Nevson,"* This paper presents 4 convenient tabulation of 

the compressibility factors and temperature derivatives for air, 
oxygen, and nitrogen based upon new values of the force con- 
stants for the Bird and Spotz equation of state. 
What evidence is there to 
show the accuracy of the Bird and Spotz equation as well as the 
effects of the Hall and Ibele constants? Since the tables of com- 
pressibility factors are complete to four and five significant figures, 
won't the reader assume an accuracy which is not supported by 
the experimental data throughout the regions of the tables? 

The effects of changing the force constants of the Bird and 
Spotz tabulations will be reflected in the correlation of the theo- 
retical equation with the experimental data. Each particular set 
of force constants will allow better correlation in certain peT' 
A sim- 
ple method for obtaining force constants for most gases with ade- 
quate accuracy is shown in the writer’s paper.'* The over-all 
effects of the force constants listed by Bird and Spotz have not. 
been demonstrated conclusively to the writer’s knowledge. 

However, the validity of the authors’ constants, as reflected 
by the agreement of their tables with the experimental data, can 
be illustrated by Fig. 3 of this discussion. This chart illustrates 
Z, the compressibility factor, as a function of the reduced pressure 


The questions immediately arise: 


= 

ity 

and the reduced temperature 7 = Tk /e. 
T were constructed using the authors’ force constants in the Bird 
and Spotz tabulations. Thus these lines also represent the authors’ 
tabulated compressibility data. The dash lines represent the 
experimental nitrogen data and the points represent the experi- 
(The sources of these data are given in the 


The solid lines of constant 


mental oxygen data. 
Bibliography of the writer’s paper.) 

The authors chose 8 lbm/ft* as the maximum density for nitro- 
gen and 9 lbm/ft* as the maximum density for oxygen. These 
limits correspond to a reduced density p,’ = bop of approximately 
0.25 for oxygen and 0.30 for nitrogen and are shown in Fig. 3, 
herewith, along with one other line of constant density to facili- 
tate comparison with the authors’ tables. 

Fig. 3 shows very clearly the limits of the Bird and Spotz equa- 
tion of state as well as the effects of the force constants. In the 
region below a reduced density of p,/ = 0.15 and for tempera- 
tures near and above the critical point (rt = 1.4 is approximately 
the critical temperature) the experimental data are reproduced 
accurately by the equation of state. This same excellent agree- 
ment with the experimental data exists at and above reduced 


"Second Virial Coefficient of Gases Obeying a Modified Buck- 
ingham (Exp-Six) Potential,” by W. E. Rice and J. O. Hirschfelder, 
University of Wisconsin Report ONR-2, June 22, 1953 (to be pub- 
lished in the Jeurnal of Chemical Physics). 

"2°*The Intermolecular Potentials for Some Simple Nonpolar 
Molecules,’ by Ek. A. Mason and W. FE. Rice, University of Wisconsin 
Report ONR-6, November 6, 1953 (to be published soon in the 
Journal of Chemical Physica). . .see also footnote 6, pp. 180 et seq. 

'Virial Coefficients and Models of Molecules in Gases,’ by Taro 
Kihara, University of Wisconsin Report OOR-7, June 5, 1953; see 
also footnete 6, §3.7. 

' Lecturer in Mechanical Engineering, Northwestern Technological 
Institute, Evanston, III. 

‘Generalized Properties of Gases,"’ by L. C. Nelson and E. 
F. Obert, published in this issue, pp. 1057-1066. 
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2.5 up to the limiting density selected by the 
T= 6 


temperatures of tT = 
authors. No experimental data are available above 
to establish that the correlation continues (a good probability). 
At temperatures below r = 2.5 in the higher-density region, how- 
ever, note that deviations of the order of 1.5 per cent are encoun- 
tered; thus significant figures greater than three are unwarranted 
It is suggested that the tables might have been improved by al- 
lowing the number of signficant figures to change to agree with 
the accuracy of the experimental data. Also, a common reduced 
density should be the limit of validity of the equation of state. 
tables could have been extended to a density 


11 Ib, /ft*) to mateh the accuracy of the nitro- 


Hence the oxygen 
of p,’ = 0.30 (p = 
gen tables. 

Since Fig. 3 of this discussion ‘is expressed in reduced co- 
ordinates, the nitrogen data serve to show the limits of the Bird 
and Spotz three virial equations of state for any gas whose prT’ 
properties can be expressed adequately in terms of the Lennard- 
Jones force potential. 

Note particularly that the O. and Ne experimental data corre- 
late each other exceptionally well in their corresponding states 
and in regions bevond the validity of the three virial equations 
of state. This is very gratifying since it provides a means of 
extending the limited O, data. In light of this good correlation 
at the higher densities, the writer is of the opinion that the 
theory is sound enough to warrant the labor necessary to caleu- 
late the fourth virial coefficient. 

In addition to the questions raised in the discussion, the writer 
is curious to ascertain why the oxygen data are reported to five 
significant figures and the nitrogen to four? It would seem that 
the sparse oxygen data in the literature would not yield an ac- 
curacy greater than that of nitrogen Also, the writer is not 
clear whether or not data for argon and CO, were included in the 
various caleulations for air. The authors’ comments on these 
questions would be appreciated. 


Auruors’ CLosureE 


The authors wish to express their appreciation for the com- 
ments by Messrs. Bird and Nelson. 


The interaction terms 8 and y between unlike molecules, 
mentioned by Mr 
taking the tabulation of mixture properties for air 
interaction coefficients for the four-component analysis of air 


Bird, were carefully studied before under- 
The possible 


employed were calculated in order to determine their probable 
effect on the various properties. The method of accounting for 
argon and carbon-dioxide contributions, given in the paper and 
in detail (12), was then designed in the light of these calculations. 
While it is true that the second virial coefficient for unlike mole- 
cules is easy to calculate and the third readily estimated, some 
saving of time and effort was realized without introducing in- 
accuracies greater than those for the intermolecular force con- 
stants €/k and ho 

The validity of the Lennard-Jones potential, while not entirely 
satisfactory with respect to experimental third virial coefficients, 
nevertheless represented for the gases involved, the most accepta- 
ble compromise between faithful reproduction of the experi- 
amenable to 


mathematical characteristic 


That this is accomplished with- 


mental data and a 
physical-property calculations 
in a maximum error of 1.5 per cent in compressibility factor is, in 
the authors’ opinion, a vindication of the reasonableness of the 
original choice and an indication of the utility of the resulting 
tabulations 

It is not clear from either the discussion or the paper by Nelson 
and Obert (discussion footnote 15) what particular experimental 
data of nitrogen and oxygen are used in establishing the behavior 
Among the thirty-one and nineteen sources of 
65) for nitrogen and 
While one 


appreciates the work of early experimenters in view of the 


shown in Fig. 3. 
original data listed (discussion, footnote 
oxygen, respectively, not all are of equal reliability 


obstacles confronting them, their results cannot be given equal 
weight with those obtained by the Leiden and Berlin groups, for 
example. The most reliable experimental compressibility data 
were used in obtaining the intermolecular force constants re- 
ported in the paper, and further confirmation was obtained by 
comparing predicted and experimental Joule-Thomson and pres- 
sure coefficients of velocity of sound measurements teference 
(12) contains a detailed comparison of the predicted thermo- 
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TRANSACTIONS OF 


dynamic properties with those of other studies, several of which 
are based entirely on experimental measurements, and close 
agreement was obtained within the range of the tables, ie, 
within one half of one per cent in density. In view of the fore- 
going, it would appear that, within the range of the tables, the 
graphical correlation of Nelson and Obert represents no improve- 
ment over the tabular values reported. 

In all discussions of gas properties, it is pertinent to recall that 
a semitheoretical extension into regions where experimental 
measurements are sparse or nonexistent is best accomplished by 
means of a pattern of theoretical behavior which is shown to be 


consistent with existing experimental data. Thus in reference 
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(12), not only compreasibility factor, but enthalpy, entropy, and 

heat capacity values are given at elevated temperatures and 

moderate pressures. These tabulations represent, then, the 

results of a logical extrapolation of gas-property data that could 

be accomplished with reasonable confidence. 

With respect to the tables themselves, the exercise of normal 
prudence would preclude the assumption of accuracy not war- 
ranted by the experimental evidence, despite the number of 
significant figures listed. The tabulations given here and in 
reference (12) were constructed primarily for utility and con- 
venience in engineering applications. The authors are hopeful 
that their original purpose will be realized. 
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33 Conse alized pol Properties of Gases 


In this paper two sets of generalized compressibility 


One set is based upon critical tem- 
the other set is 


charts are presented: 
peratures and pressures as in the past; 
based upon pseudo-reduced co-ordinates obtainable from 
the Lennard-Jones force potential. In both sets the under- 
lving data are more extensive than those used in con- 
structing older charts since a complete survey of existing 
The results of this survey for 50 
gases are contained in a Bibliography of 275 items which 

has been constructed to show the extent of the experi- 
mental data by including the ranges of pressure and tem- 
Although the charts are intended 
the for the low- 


data was made. 


perature for each item. 


for engineering computations, chart 


pr region (p, = 0 to 1), for example, has a deviation 


of 1 per cent for 26 gases. 


INTRODUCTION 


ngineering practice, reasonable approximations to the 
pel’ relationships of a fluid are required frequently, es- 
more usual than unusual, where pvT 
data are entirely nonexistent. To fulfill this need, several gen- 
eralized charts (276-288)* have been z veloped and are in use, 
principally in the chemical industries. Comparison of these charts 
reveals that either large differences are present or else the 
charts are closely similar. In the first instance, the divergences 
arose from the assumptions made in generalizing the pT’ data or 
In the second instance, the charts were 
hydrogen and 


pecially for the case, 


from the choice of data. 
based primarily upon one or two gases (usually, 
nitrogen) and the same compressibility data were used by the 
several authors. It is understandable that the validity of the 
older charts has not been too well established when it is con- 
sidered that the charts were developed some years ago, and even 
today high-pressure data are extremely meager. 

When it was decided to construct new generalized charts, it was 
discovered, somewhat surprisingly, that no complete bibliography 
of experimental pu7’ data was available in the literature (1952). 
For this reason, the Bibliography in this article has been ex- 
panded to show both the fluid and the ranges covered by the ex- 
periments. 

In constructing the new charts, the various methods of re- 
ducing the properties into generalized properties were studied. It 
was concluded that, for most engineering applications, the usual 
generalizations based upon the critical temperature and pressure 
were preferable for best correlation of data for all gases over wide 
ranges of temperature and pressure. Specifically, gases with 
elongated molecules are best treated by 9 reduction based upon 
the critical constants. The compressibility factor is defined 

1 Royal Cabell Fellow, Department of Mechanical Engineering, 
Northwestern Technological Institute. 

? Professor of Mechanical Engineering, Northwestern Technological 
Institute. Mem. ASME. 

? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Heat Transfer Division and presented at the 
Annual Meeting, New York, N. Y., November 20-December 4, 
1953, of THe American Society OF MecHanicaL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Manuscript received at ASME Headquarters, Septem- 
ber 2, 1953. Paper No. 53—A-194 
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The reduced properties for the first set of charts are 


and 7’, are the critical values. A set‘ of three charts 
presents Z as a function of p, and 7’, for the regions illustrated in 


Fig. 1: 


where p, 


= Otol, T, = 0.6t0 15.0) (T, from 
1.2, 1.3, 1.4, 1.6, 2.0, 2.5, 3.0, 5, 10, © 


1 Low-pressure region (p, 
0.60 to 1.15 by 0.05 increment 5 
and 15) 


CHART 2 


20 Fa) 
REDUCED PRESSURE, 


Kances Or GENERALIZED COMPRESSIBILITY CHARTS 
2 Intermediate-pressure region (p, = 0 to 10, T', = 1 to 15) 
(T, from 1.0 to 1.2 by 0.05 increment, 1.2 to 1.6 by 0.10 incre- 
ment, and 1.8, 2.0, 2.5, 3.5, 5, 7, 10, and 15) 
3 wy-4h -pressure region (p, = 0 to 40, T, = 1 to 15) (7, from 
1.0 to 1.2 by 0.05 increment, 1.2 to 1.6 by 0.10 increment, 1.8, 
2.0 to 4.0 by 0.5 increment, and 5, 6, 8, 10, and 15) 


However, the rigor of the work of Bird, Spotz, Hirschfelder, and 
Curtiss (289-291), and based upon the Lennard-Jones force po- 
tential, showed that a more fundamental method of analysis was 
available for nonpolar gases with symmetrical molecular struc- — 
ture. It will be shown that pseudo-reduced parameters p,’ and 
7 (see Equations [10] and [15]) allow Z to be defined with rela- 
tively great accuracy. These parameters do not bear a uni-— 
versal relationship to the critical constants else a new chart would -_ 
In effect, the new parameters shift the gases relative 
so that some loss of correlation occurs near the — 


be useless 
to each othet 
critical point but greater over-all accuracy is obtained in other 
regions. A set‘ of two charts was constructed: 

1 Low-pressure region (p,/ = 0 to 0.4, 7 = 1.0 to 20) (7 from 
1 to 2 by 0.10 increment, and 2, 2.25, 2.5, 3.0, 3.5, 4.5, 6, 10, 15, 
and 20) 
Intermediate-pressure region (p,’ = 0 to 1.8, 7 = 1.4 to 2 
(r from 1.4 to 2.0 by 0.1 increment, 2.25, 2.5, 3.0, 3.5, 4.5, 
10, 15, and 20) 


6.5, 


‘The charts are in. 11 in., and 
can be obtained from the authors. 
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This second set of charts is recommended for nonpolar (and 
slightly polar) gases with essentially spherical symmetry and 
with negligible quantum effects. 


EXPERIMENTAL Data 


The experimental data for 52 gases were investigated but the 
data for only 30 gases were in sufficient amounts to aid in con- 
It would involve too great an extension of the 
For this 


structing charts. 
purpose of this paper to discuss the individual fluids. 
reason, the Bibliography has been constructed to allow data for a 
specific fluid to be ascertained readily, Note that the Bibliogra- 
phy has been divided into $2 parts and only original sources of 
The first 30 parts are in alphabetical 
The 
ranges of temperature and pressure covered by the experimental 
work are shown under each entry. In this form the Bibliography 
is useful to extend previous papers on peT’ properties. Grateh 
(202) gave an excellent review of nine fluids in 1948. His data on 


data have been included. 
order by gases and each part is pertinent only to one fluid 


argon, for example, are represented by (27, 28, 29, 30, 32, 35) of 
the Bibliography (25 to 37 for argon). Gratch’s survey can be ex- 
tended to include later work (26, 33, 54, 36) and to include work 
not mentioned (25, 31, 37). 

The experimental data are surprisingly few when it is considered 
that a generalized chart demands wide ranges of temperature and 
pressure, At low and medium pressures most of the experiments 
were made with small increments of pressure, but for only several 
temperatures which may be widely separated; in the high-pres- 
sure range, even the increments of pressure are widely separated. 
Such points do not lend themselves to interpolation for the fixed 
temperatures of a chart. Certain fluids, notably hydrogen, 
helium, nitrogen, and carbon dioxide have been extensively in- 
259.2 C to 400 C, and from 0 
271.5 C to 600 C, and from 0 to 
14,500 atm; nitrogen, from —-175 C to 400 C, and trom 0 to 14,500 
atm; earbon dioxide from —-70 C to 500 C, and from 0 to 
3000 atm. In recent years, considerable data on the compressi- 
bility of hydrocarbons have been obtained: Ethylene, from 0 C 
to 200 C and from 0 to 3000 atm; methane, from —-70 C to 200 C, 
and from 0 to 1000 atm; ethane, from 14 C to 275 C, and from 0 
to 680 atm; propane, from 20 C to 336 C, and from 0 to 680 atm; 
butane, from 0 C to 300 C, and from 0 to 680 atm. 


vestigated: Hydrogen, from 


to $2,600 atm; helium, from 


GENERALIZED Cuarts Basep Uron Criricat CONSTANTS 


The van der Waals law of corresponding states assumes that 
the peT’ regions of all gases are symmetrical with respect to the 
critical point. Thus the reduced properties are defined by the 


ratios p/p,, and v/v,, and 


S(p,, T,, v,) = 0... . [3] 


However, data usually are plotted in the form of reduced iso- 
therms on a chart with Z as the ordinate and p, as the abscissa, 
Fig. 1. The accuracy of this diagram indicates that a better ap- 
proximation than Equation [3] is a law corresponding to 


Z = f(p,, T,) [4] 


= (286) introduced an ideal reduced volume which is defined 


v ZRT'/p 
RT./p. P, 


A chart with lines of constant v,’ was published by Obert (285) 
that allows interpolation for 7',-values which do not fall upon the 
chart isotherms. Trial calculations also are avoided when data 
are for volume and temperature (or pressure) and pressure (or 
temperature) is the unknown variable. This feature also was em- 


ployed in the new charts. 


OCTOBER, 1954 
To construct the generalized charts, it was first necessary to 
obtain a tabulation of compressibility factors at common selected 
values of reduced temperature and pressure. A graphical, rather 
than an analytical, method was selected since accuracy to only — 
three figures was considered necessary. Two construction charts ; 
The first chart was a plot of reduced 
The second 


were required for each gas. 
isotherms on Z and reduced-pressure co-ordinates. 
chart was a cross plot of the first, of isobars at selected values 
plotted against Z and reduced temperature. A division on the 
co-ordinates corresponded to a value of 0.0025 increments with 20 
divisions per in. 

Rectilinear co-ordinates were chosen for the charts because 
normally straight isotherms (especially true in the high-pressure 
region) suffer distortion when plotted on logarithmic co-or- 
dinates. The curved isotherms make extrapolation and inter- 
polation more difficult. Note, too, that with a logarithmie or- 
dinate the greatest magnification is in the neighborhood of the 
critical point where correlation of data is the poorest. 

The critical constants of the fluids that were used for comput- 
ing the reduced temperature 7, and the reduced pressure p, 
are listed in Table 1. Corrections to the critical constants of H. 
and He, as recommended by Newton (309) for his generalized 
activity coefficients, should not be used for compressibility data 
at. temperatures below the Boyle point isotherm but are recom- 
mended for higher temperatures. 

The low-pressure chart was drawn on a large scale with divisions 
of 0.01 unit. The data correlated by the chart are listed in Table 
2. Note, in Fig. 2, that the maximum deviations from the average 


curves for 26 gases are of the order of 1 per cent. The worst 
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DEVIATION OF 


offenders are H,, He (with uncorrected critical constants from 
Table 1), NH,, and H.O and the extent of their deviations are also 
indicatec in Fig. 2. No data exist for NH, and H,O at tempera- 
tures near or above the Boyle point isotherm. But for H, and He, 
from the data available, it appears that correlation within 1 per 
cent can be obtained by using the so-called Newton corrections 
(at or above the Boyle point isotherm). The Boyle point iso- 
therm can be considered to be the Z = 1.00 co-ordinate with 
probable accuracy of 0.004 units (based upon data for A, air, CH,, 
O;, CO, Hi, Neo, and Ne). Maximum Z-values are attained in the 
neighborhood of 7’, = 5. The isotherms then descend, for ex- 
ample, the isotherms 7’, = 3 and 7, = 15 closely coincide within 
0.004 unit (data for H., He, and Ne). 
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TABLE 


GENERALIZED pol 


PROPERTIES OF GASES 


CRITICAL CONSTANTS 


(Absolute zero at —273.16 C 


atm Reference 
(293) 
(294) 
(295) 
(38) 
(39) 


Substance 

Air. 

Ammonia 

Argon 

Benzene 
n-Butane........ 425 
Isobutane. . 108 (296) 
1-Butene 419 (48) 
Carbon dioxide. ..304 2 72.85 (66) 
Carbon monoxide. 132 { 34. 52¢ (298) 
n-Deuterium..... (299) 
Ethane 305.45 2 (79) 
Ethyl ether. . 3! (300) 
Ethylene. ..... .28:% 5 (93) 
n-Heptane (127) 


nN 


TABLE 2 DATA REFERENCES FOR CHARTS 


¢ hart No. 1 pr (0-1.0) 
7-9, 12, 14, 16, 18, 19, 24, 26, 31-33, 35, 37, 38, 40-44, 46-49, 
62 -64, 66, 69-75, 77, 15. a3, 84, BR. fl 92, 95, 108, 109, 112, a. 
129, 130, 135, 137, 138, 143, 150-15 , 155, 157, 160, 161, 168, 170, 171. 
180-182, 184, 185, 187-189, 194, 308: 206, 207, 218, 221, 229, 230, 232, 233, 
237, 245, 246, 250, 251, 254 257, 259, 261, 263, 265, 266, 268, 269, 273, 274 
thart No. 2 pr(i-10) 
we 214, 16, 18, 19, 23, 26, 31-33, 35, 37, 38, 40-44, 46-49, 54, 60, 64-66, 
Af 79- 82, 84, 88, 92, 95, 96, 108, 109, 115-117, 122, 124, 128-130, 135 
143, 150, 152, 155, 157, 160, 161, 164, 168, 170, 171, 175, 178, 
— 189, 191, 194-196, 198, 204, 206, 207, 218, 221, 225, 
237, 245, 246, 250, 251, 254-257, 259, 261, 263, 263 >, 


‘hart No. 3 
, 13, 33, 41, 42, 49, 54, 65, 70, 71, 73 
, 137, 138, 152, i57, 171, 180, iss, 
, 230, 237, 255, 256, 265. 


10-40) Tr(i-15) 
Z A 82, 88, 95, 96, 108, 115, 124, 126, 
88, 196, 204, 206, 207, 209, 222, 225, 
Chart No. 4 p,1(0-0.3) 
, 12, 14, 16, 18, 26, 31-33, 35, 37, 71-75, 135, 137, 138, 150, 15: 
161, 168, 170, 171, 178, 182, 184, 185, 187, 188, 194, 204, ; 
2: 29, 230, 237, 245, 246, 250, 251, 274. 
“hart No. 5 p,’(0.3-1.8) 
, 9, 13, 14, 16, 18, 26, 31-33, 35, Vf 71-75, 135, 137, 138, 142, 150, 152, 155, 
57, 


160, 161, 168, 170, 171, 175 82, 184, . > , 191, 194-196, 
G8. 204, 206, 207, 218, 221. 22! 245, 3 250, 251, 274 


The intermediate-pressure chart also is based on data for 30 
gases with the extent shown by Table 2. For 26 of the gases 
studied (excluding H., He, NH, and CH,F), the correlation was 

found to be within a maximum deviation of 2'/, per cent (except 
near the critical region). The worst offender was NH; which 


‘ee not be correlated satisfactorily on this chart above p, = 
d 1.0; CH,F correlated within 2'/, per cent above 7, = 1.3 but had 
Both 
Hy and He exhibited erratic correlation below the Boyle point 
= rm, but, at higher temperatures both these gases correlated 
the chart (with the use of the Newton corrections), 
The high-pressure chart was constructed from the data for 17 


deviations at the lower temperatures as much as 7 per cent. 


fluids (Table 2) but for only a few of these fluids could the data be 
Rcconte extensive. In those regions where several gases could be 
compared, the maximum deviation was less than 5 per cent (7, = 
1to 3.5; p, = 10 to 20). In this same pressure region, but above 
the Boyle point isotherm, MH, and He (with the Newton correc- 
tions) correlated all the available data (No, air, and CO) within 
Because of this, and because no other data were 
available, the data for H, and He (with the Newton corrections) 
were used to construct all isotherms above T, = 5.0. 


available for NH, and CH,F in the high-pressure region; 


No data are 
H, and 
He (uncorrected) again exhibited erratic correlation below the 
Boyle point isotherm with maximum deviation of 10 per cent. 
The effects of the Newton corrections are illustrated in Fig. 3 
for T, = 1.3 and T, = 3.0. Note, at 7’, = 1.3, that the uncor- 
rected constants (H, isotherm) allow better correlation of the 
experimental data than do the corrected constants (H,’ isotherm) 
Above the Boyle 
and He could be correlated with 


which cause errors as much as 40 per cent. 
point isotherm on all charts 


Substance p, atm 
n-Hexane { 29 
Hydrogen 33.: 12 
Hydrogen sulphide K 8 
Methane 

Methyl fluoride 

Neon 

Nitrogen 

Nitrie oxide 

Oxygen 

n-Pentane 

Isopentane 

Propane 

Propylene 

Water 

Xenon 


Reference 


04 
ie) 4 6 


P, 


Errecr or Newton Connecrions oN at Two 
Repucep TEMPERATURES 


3 


other gases within the accuracy stated for the chart by using the 
Newton corrections, 


VIRIAL EQUATION OF STATE 
A virial equation of state can be derived from the fundamental 
principles of either kinetic theory or statistical mechanics to re- 
late the puT’ behavior of a gas to the forces between molecules. 
The form of the equation is a power series in (1/r) 


pe 
RT 


The coefficients B, C, D, ete., 
third, fourth, ete., virial coefficients and each virial is a function 
of temperature alone, 


are called, respectively, the second, 


Each virial also corresponds to a summa- 
tion of the effects of the interactions of n-molecules: two-molecu- 
ete, 
an assumption must be 
as to the nature of the intermolecular forces. For apherical 
nonpolar molecules the intermolecular potential energy usually is 
represented by the Lennard-Jones potential function 


lar interactions for B; three-molecular interactions for C; 
To evaluate the virial coefficients, 


made 


E(r) = — (ro/r)*) 

The two constants, € and ro, in this equation are called force con-— 
stants 


€ = maximum energy of attraction 
ro = collision diameter for encounters between two molecules with 
negligible kinetic energy 

Lennard-Jones (310) has shown that Equation [7] allows the 

second virial to be expressed as a rapidly converging infinite 


series. Bird and Spotz (289) extended this work by an original 


(74) 
> 
> 
z ZA 
0° 
| 
8 10 
| | 


mechanical parameters (312). 


TRANSACTIONS OF THE ASME 


evaluation of the third virial and prepared tables that allow the 
The Bird 
and Spotz tables list values ef the temperature functions B® and 
— C° versus a reduced temperature r. A virial equation with the 
same form as Equation [6] can be fitted to the experimental data 
and the virials B, C, ete., determined. The empirical virials B 


second and third virial coefficients to be evaluated. 


and C are equal to 


B = 


= number of molecules per gram mole 
= Boltzmann constant 
= Kelvin temperature 


The fourth and higher virials were not calculated. Note that the 
force constants € and ro must be known before the Bird and Spotz 
relationships can be used. Values of these constants for several 
gases, and based upon both viscosity and experimental pr7' data, 
are listed in the Bird and Spotz tables. The values obtained from 
pvT data were found from Equation [8 |}. 


To solve this equation, an estimate of the constant € must be made 
to enable rt to be computed; a method of successive approxima- 
tions is deseribed by Hall and Ibele (311). To avoid the initial 
estimate, note that the second virial B must be zero for the Boyle 
point isotherm. This factor enables the corresponding tempera- 
ture to be obtained from the experimental data by interpolation 
The function B® differs from B only by a constant factor. Then 
the reduced temperature 7 where B® passes through zero should 
correspond to the actual temperature where B also passes 
through zero. The tables of Bird and Spotz, on interpolation, 
show 7 for B® = 0 to be 3.416. The force constant € can now be 
directly computed by Equation [10] and 69 found from Equation 
{9}. A comparison of the force constants obtained for nitrogen 
_ by, apparently, three methods is as follows 
Bird and 
Nitrogen Spota (289) Hall and [bele (311) 


e/k 95.05, 95.9 95.36 95.1 
ho 63.78, 64.42 64.13 63.9 


Boyle Isotherm 


The Lennard-Jones force potential presupposes essentially 
spherical, nonpolar gases with negligible quantum effects. The 
quantum effects are small except for light gases (H,, He, D., Ne) 
at low temperatures. The quantum effects could be taken into 
account by a three-constant force potential but then comparison 
could only be made between molecules with the same quantum 
Similarly, three-constant force 
potentials can be derived theoretically for polar molecules (313) 
and for nonspherical molecules but comparison is again re- 
stricted by the introduction of new parameters for dipole mo- 
ments and length-width ratios. Thus a third parameter severely 
restricts the number of fluids which can be compared, and a 
generalized chart would be of only limited use. But for many 
fluids, quantum effects and dipole moments are smal] in magni- 
tude. For such fluids, reduced parameters based upon a two- 
~ constant potential may be more valuable than the older reduc- 
tions based upon critical constants. This supposition is the basis 

for the second set of generalized charts, 


A VirtaL Law or CorresronDING STATES 


A physical picture of the virial equation is shown by the com- 


- pressibility chart, Fig. 1. Note that the region in the vicinity of 


Pe 
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Z = | corresponds to the concept of the perfect gas with negligible 
force interactions between molecules. As the pressure is increased 
at constant temperature, binary collisions between molecules 
become more frequent and the second virial exerts an increasing 
effect on the compressibility factor Z. This effect may be either 
positive or negative: Positive values imply a predominance of 
repulsion between the molecules (in general, above the Boyle 
point isotherm); and negative values imply attraction. Note 
that descending isotherms (7', < T'poyie) would continue to fall if 
the virial equation did not include the third, and higher, virial co- 
efficients. It can be surmised that when the second virial is 
negative, the third and succeeding virials must have positive sign, 
if the isotherms are to break upward at high pressures, as shown 
by the chart. The point of the discussion is this: Virial equations 
founded upon theory cannot represent the entire range of experi- 
mental values in Fig. 1, unless the temperature functions of C®, 
D*, E°%, and probably F°, are evaluated accurately (and the Bird 
and Spotz tables include only B® and C®), 

Although Bird and Spotz limit their results to “regions of high 
temperature and moderate pressure,” the compressibility chart 
serves to define these terms, To illustrate this point, Equation 
[6] can be converted into a power series in p 


Sam 


B’ 
RT 1 + B’p+C'p* 4 


where it is readily shown that so = 

B’ = B/RT ( (C — B*)/(RT)? 
The terms specific to one gas can be replaced by their generalized 
equivalents with the help of Equations [8], [9], and [10], and a 
dimensionless equation obtained 


Be __. Ror 
Z=u1+ ( ) + (2/39)? 
T € r? 


\ reduced pressure can be defined 


=: 
Pr 
to supplement the reduced temperature r, Equation [10]. Along 
a reduced isotherm 


Z=1+Cip,' + Cpt +... 


where C, and C, are functions of the reduced temperature. Equa- 
tions [10], [14], and [15] can be called a virial law of correspond- 
ing states. A generalized compressibility chart could be con- 
structed from these equations. 

To illustrate the regions where the Bird and Spotz values will 
depart from the experimental data, Fig. 4 has been constructed 
from Equation [14] for several values of 7’, and plotted against p,. 
Note that each value of 7’, will correspond to a value 7 for one 
particular fluid. For this reason the substance must also be shown 
when representation is made in the manner of Fig. 4. The points 
of divergence, which are apyroximately* located in Fig. 4, are a 
good estimate of the areas where the Bird and Spotz integrations 
are not sufficiently complete to reproduce adequately the experi- 
mental data. For example, at 7, + 1.2, p, = 1.3, the Bird and 
Spotz tables will begin to diverge from the experimental data (for 
all nonpolar, spherically symmetrical fluids). 


‘Note that Fig. 4 implies a constant relationship between the 
kinetic parameters and the critical constants. This approximation 
serves for the purpose of Fig. 4 but not for the virial charts presented 
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Although the Bird and Spotz tables are inadequate for iso- TABLE3 FORCE CONSTANTS 
therms below the Boyle point isotherm at high pressures, still, the — Substance _K be, cc/mol Reference 
form of Equation [16] indicates that the virial law of correspon |- i tosh 
ing states should apply at all pressures. In other words, a correla- 
tion between 7 and p,’ should exist such that pm 48.2 


Xenon 


at any pressure. To illustrate this statement, Fig. 5 was con- 

structed for specified ranges of pressure and temperature for Nz tion [4]. Therefore, the second set of charts is more precise than 
such that T, = 1.8 and 7 = 2.38 are equivalent, and p, = Oto6 the first set if the gases essentially are nonpolar and spherical, 
is equivalent to p,’ = 0 to 1.65. (The equivalence is valid only — and with slight quantum effects. (This conclusion has been 
for Nz since 7 and p,’ do not bear a constant relationship to 7,2n1 substantiated by the correlation of data in constructing the 
p, for all fluids.) Fig. 5 indicates that the law expressed by charts.) For example, in Fig. 5 note that at 7, = 1.8, CO and 


Equation [17] is more accurate than the law expressed by Equa- 


CH, deviate by 3.1 per cent while in essentially the same tem- 
Pe — perature range, T = 2.38, the deviation is less than 1 per cent on 
the virial chart. Note, too, that Hl, (uncorrected) does not 
correlate well with other data at 7’, = 3.5 but on the virial chart, 
== 2019s at 7 = 4.63, the deviation is less than 1 per cent. But at lower 


EXPERIMENTAL DATA _ temperatures the deviation for hydrogen (also, He and D,) be- — 
- + mi! comes greater. Fig. 5 illustrates that the virial law of correspond> 
| peg | mg et rea ing states is more accurate than the Bird and Spots tables when © 
the regions of interest are beyond those indicated in Fig. 4. 
bea If Equation [17] were exactly true, it would be necessary only — 
_— to plot the data for one gas to obtain a chart valid for all spherical, — 
nonpolar gases. However, as shown by Fig. 5, there are some — 
divergences between gases, although considerably less than when — 
plotted on the co-ordinates of Equation [4]. Hence it was con- 
sidered best to average the available data to obtain the chart — 
isotherms, 


The construction of the virial charts followed the same proce- 
dures already described for the critical-constant charts and the | 
references are listed in Table 2. For the second set, only the 
* essentially nonpolar gases were correlated: A, Ne, Xe, air, Ng, Os, — 

CO, and CHy. Above the Boyle point isotherm (approximately — 
Fic. 4 Correration or Viraian Equation Wirn ExpertMenTaL 7 = 3.4), Hy correlated Na, Os, A, and oo within 1 per cent up to 
DaTa a reduced pressure of p,* = 1.45 (essentially p, = 5.5). At lower 
pressures where more data were available, the same degree of 
correlation was obtained with these gases and also with air and 
Ne. The excellence of correlation increased with increasing tem- 
perature. For this reason, the hydrogen data were used to con- 
struct the isotherms above r = 6.5 since no other data are availa- 
ble. The force constants that were used are listed in Table 3, 

When the gases are highly polar or when nonsymmetry is 
present, the first set of charts is superior. In Fig. 6 are shown two 
hydrocarbons and nitrogen plotted for one reduced temperature. 
Note that extreme divergences are encountered—a result to be 
expected from theoretical considerations, 


SuMMARY AND CONCLUSIONS 


This paper has summarized two laws of corresponding states 
for the construction of generalized compressibility charts. a 
> 


new sets of charts are presented along with a complete Bibliogra- 
phy of original compressibility data for 30 gases, Specific points 


of the discussion indicated the following: 


1 Generalized poT data should be based upon critical a 


stants when the molecular structare of the fluid is complex or for | 


polar molecules, 

2 Generalized peT data can be correlated better by kinetic — 
parameters when the molecular structures of the fluids are easen-— 
tially spherical, and the molecules are essentially nonpolar, and — 

P, quantum effects are negligible, This correlation is obtained in 

0.275 0.550 0.824 1.099 1.373 1.649 regions where theoretical kinetic equations cannot be applied, 

Pr 3 The regions where the Bird and Spotz tables are applicalle 

Errecror Kinetic Versts CriticaL Constant Parameters have been indicated in terms of the critical-constant parameters 


on CorrecaTion Turek Repucep Temperatures reduced pressure and reduced temperature, 
ry 7 


- 4 
2 
4 
z 09 
| | 
He 
N,, Air, Ne,CO 
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1.649 2.748 3.297 


P,* 


0.550 1.099 


hic. 6 or Kinetic PanimMerers ON CHain 


} At temperatures below the Boyle point isotherm, H., He, 
and DD) exhibit erratic behavior on either set of charts and the 
pel’ relationships should be obtained from compressibility data 
for the individual gases 
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(--100 to 400 C, 0 to 105 atm). 

32 =«24z« Masson and L. G. F. Dolley, Proceedings of the Royal 
Society of London, 103A, 524 (1923)—(24.95 C, 5 to 125 atm). 

33 A. Michels, R. J. Lunbeck, and G. J. Wolkers, Applied Scien- 
tific Research, A2, 345 (1951)—(0 to 150 C, 0 to 2500 atm). 

34 <A. Michels, H. Wijker, and H. K. Wijker, Physica, 15, 627 
(1949)-——(0 to 150 C, 18 to 3000 atm). 

35 H. K. Onnes and C. A, Crommelin, 
the Physical Laboratory of the University of Leiden, No. 
(1910)—(—150 to 20 C, 11 to 60 atm). 

36 J. Oishi, Tokyo Institute of Physical and Chemical Research, 
Scientific Papers, 43, 22 (June 1949) —(0 and 100 C, 1.2 to 1.5 atm). 

37 W. Ramsey and M. W. Travers, Philosophical Transactions 
of the Royal Society of London, 197A, 47 (1901)—(11.2 and 237.3 
C, 30 to 100 atm). 


Physik, (4), 47, 


Annalen der 


Communications From 
L18b 


BENZENE 
38K. J. Gornowski, E. H. Amick, and A. N. Hixon, Industrial 
and Engineering Chemistry, 39, 1348 (1947) -(240 to 355 C, 26 to 66 
atin) 


n-BUTANE 


30) A. Beattie, G. L 
American Chemical Society, 61, 
37.7 atm). 

40 J. A. Beattie, G. L. Smith, 
American Chemical Society, 61, 26 (1939) 
358.53 atm). 

41 R.H. Olds, H. H. Reamer, B. H. Sage, and W. N. Lacey, In- 
dustrial and Engineering Chemistry, 36, 282 (1944)—-(100 to 460 F, 
0.68 to 680 atm). 

42 H. W., Prengle, Jr., L. R. Greenhaus, and R. York, Jr., 
Chemical Engineering Progress, 44, 863 (1948)—(31.1 to 540 F, 0 to 
300 atm). 

43 B. H. Sage and W. N. Lacey, Industrial and Engineering 
Chemistry, 28, 106 (1936)—(70 to 220 EF 0 to 204 atm). 

44 B.H. Sage, D. C. Webster, and W.N. Lacey, 
Engineering Chemistry, 29, 1188 (1937)—(70 to 250 F, 


Simard, and G. J. Su, Journal of the 
24 (1939)——-(1 


52.1 to 159.9 C, 37.3 to 


and G. J. Su, Journal of the 
(150 to 300 C, 14.68 to 


Industrial and 
1 to 204 atm). 


IsOBUTANE 


45 J.A. Beattie, H.G. Ingersoll, and W. H. Stockmeyer, Journal 
of the American Chemical Society, 64, 548 (1942)—(150 to 275 C, 
25.7 to 254 atm). 

46 J.A. Beattie, S. Marple, and J. Edwards, Journal of Chemical 
Physics, 18, 127 (1950)—-(150 to 300 C, 25.7 to 303.8 atm). 

47 B. H. Sage and W. N. Lacey, Industrial and Engineering 
Chemistry, 30, 673 (1938) —(70 to 250 &, 0.6 to 275 atm). 


1-BUTENE 
48 J. A. Beattie and S. Marple, Journal of the American Chemi- 
cal Society, 72, 4143 (1950)—(150 to 250 C, 25 to 250 atm). 
49 R.H. Olds, B. H. Sage, and W. N. Lacey, Industrial and En- 
gineering Chemistry, 38, 301 (1946; —(100 to 340 F, 1 to 680 atm). 


Carson Dioxipe 


50 E. H. Amagat, Annales de Chimie, (5), 19, 345 (1880) —(0 C, 
32 to 400 atm). 
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NELSON, OBERT—GENERALIZED 
é 


51 H. Amagat, Comptes Rendus des Séances de l'Academie 

des Sciences, (1), 93, 306 (1881) —(50 to 300 C, 0.73 to 2.85 atm). 84. J. A. Beattie, Journal of the American Chemical Society, 46, 
52 bk. H. Amagat, Annales de Chimie, (5), 22, 353 (1881)—(18.2 342 (1024 150 to $25 C, 11 to 200 atm). 

to 100 ¢ . 39.5 to 416 atm). 85 J. A. Beattie, Journal of the American Chemical Society, 49, 
53 bk. H. Amagat, Annales de Chimie, (5), 28, 464 (1883)- -(50 to 1123 (1927 150 to 325 C, 11.2 to 66 atm). 

300 C1 to 4 atm). 
H. Amagat, Annales de Chimie, (6), 29, 68 (1893)-—(0 to ETHYLENE 

258 C, 30 to 1000 atm). ‘ Amagat, Annales de Chimie, (5), 19, 345 (1880) 
55 ©. Antoine, Comptes Rendus des Séances de l’'Academie — 39 to 400 atm). 

des Sciences, (1), 108, 896 (1889)—(5 to 80 C, 1 to 20.4 atm). 87 Kk. H. Amagat, Annales de Chimie, (5), 22, 353 (1881) 16.3to 
56° O. C. Bridgman, Journal of the American Chemical Society, 100 ©. 82.9 to 421 aan) VE 

49, 1130 (1927 (0 to 100 “ 11.16 to 59.35 atm). 88 KE. H. Amagat. Annales de Chimie 
57 W. Cawood and H. 8. Patterson, Journal of the Chemical atm) 

Society of London, 619 (1933) - (0 to 31 C, 1.32 to 3.95 atm). 89 T. Batuecas, Helvetica Chim. Acta. 5, 544 (1922) 
58 P. A. Guye and T. Batuecas, Helvetica Chim Acta, 5, 532 44 ati a, 

1922) © C, 0.2 to 1 2 atm). eT ) W. Cawood and H.S Patterson, Journal of the Chemical So- | 
59 =P. A, Guye and T. Batuecas, Journal de Chimie Physique, 20, ciety of London, p. 619 (June, 1933) ~ (0 and 21 C, 1.32 to 3.95 atm) 
(1 OC.0.2to1.2 atm). ©. A. Crommelin and G. H. Watts, Communications From 

60 - H. Keesom, Communications From the Physical Labora- the Physical Laboratory of the University of Leiden, No, 189C 
tory of University of Leiden, No. SS (1903)—-(25 to 57 C, 63 to (1927) 1.3 to 290 C. 21 to 36 atm) 
atm 02 I. Masson and L. G. F. Dolley, Proceedings of the Roy al 
61 ©. G. Knott, Proceedings of the Royal Physical Society of Society of London, 103A, 524 (1923) —(24.95 C, 5 to 125 atm). 
Edinburgh, 93° KR. L. MeIntosh, J. R. Dacey, and O. Mauss, Canadian Jour- 
62 O. Maass and J. H. Mennie, Proceedings of the Royal Society nal of Research, 17B. 241 (1939) — (8.92 to 10 C, 49.45 to 50.79 atm). 
of London, 110A, 198 (1926) —(— 70.2 to 99.9 C, 0.2 to 0.9 atm). "4 A. Michels, J. de Grogter, and F. Niesen, Physica, 3, 347. 
63 K. MaeCormack and W.G. Schneider, Journal of Chemical (1936) to 150 C. 20 to 270 atm). 
— 18, 1269 (1950) —(0 to 500 C, 1 to 50 atm), et 95 A. Michels and M. Geldermans, Physica, 9, 967 (1942) 
A. Michels and C. Michels, Proceedings of the Royal Society — to 150 ©, 20 to 270 atm). 
of ana 153A, 201-214 (1935)—(0 to 150 C, 16 to 250 atm). 
65 A. Michels, C. Michels, and H. Wouters, Proceedings of the Henium 


al Society of London, 153A, 214-224 (1935)—-(0 to 150 C, 75 to J. A. 


29, 68 (1893) -(0 to 198.5 


3000 atm). Phy , 
sical Laborat« f the ‘rsity of aide No. Oa (102 
— — of London, 160A, 358-375 (1937)—(2.85 to 40 C, 36 97 P. W. Bridgman, Proceedings of the American Academy o 
m). Arts and Sciences, 59, 173 (1924)—-(65 C, 2906 to 14,520 atm). 
67 G. P. Nyhoff, A. Michels, and A. J. Gerver, Proceedings of 
98 Buchmann, Zeitschrift fir Physikalische Chemie, 1O3A, 461 
the Koninklijke Akademie van Wetenshappen te Amsterdam, 33, 72 (1933) —(13.5 to 20.4 C. 197 to 1740 atm) 
ELS. B tt, Trans, ASME, 58, A-136(193¢ and 50 C, 
68 J. Oishi, Tokyo Institute of Physical and Chemical Research, 0 to 140 
Scientifie Papers, 43, 22 (June, 1949)—-(0 and 100 C, 1.2 to 1.5atm) 100 F. P. Burt, Transactions of the Faraday Society, 6, 19 (1910) 
69 L. Rayleigh, Philosophical Transactions of the Royal Society (OC. 0.194 to 1 1 
of London, 204A, 351 (1905) + 13.8 C, 0.5 to 1 atm). 101 C. W. Gibby, C. C. Tanner, and I. Masson, Proceedings of 
70 H. H. Reamer, B. H. Sage, and W. N. Lacey, Industrial and the Roval Society of London, 122A, 283 (1929)—-(25 to 175 C, 30 to 
Hagimesring Chemistry, 36, 88 (1944)—(100 to 460 F, 0 to 680 atm). 125 atm) 
Cannow Monoxipe ‘ “ral Ww Zeitschrift fiir Physik, 37, 157 (1926)-—(0 to 100 ¢ 
5 to 
71 KE. P. Bartlett, H. C. Hetherington, H. M. Kvalnes, and T. H. 103° V. W. Heuse and J. Otto, Annalen der Physik, 2, 1012 (1929) 
Tremearne, Journal of the American Chemical Society, 52, 1374 (0 and 100 C, 0.394 to 1.79 atm). 
(1930)—(—70 to 200 C, 0.1 to 1000 atm). 104 L. Holborn and H. Schultze, Annalen der Physik, (4) 
72 8. Goig, Comptes Rendus des Séances de |’Academie des — 1989 (1915) —(0 to 100 C, 0 to 52.6 atm). 
Sciences, 189, 246 (1929)—(0 C, 53 to 127 atm). 105 L. Holborn and J. Otto, Zeitschrift fir Physik, 10, 367 
73 A. Michels, J. M. Lupton, T. Wassenaar, and W. De Graff, (1922) (Oto 100C, 0 to 105 atm) 
Physica, 18, 121 (1952)—-(0 to 150 C, 20 to 3000 atm). 106 L. Holborn and J. Otto, Zeitachrift fir Physik, 30, 320 
7 _ G. A. Seott, Proceedings of the Royal Society of London, (1924 183 to 50C, 0 to 105 atm) 
125 “— (1929)--(25 C, 1 to 170 atm). 107 L. Holborn and J. Otto, Zeitschrift fiir Physik, 23, 77 (1924) 
75 T. A. Townsend and L. A. Bhatt, Proceedings of the (200 to 400 C, 0 to 105 atm). 
Royal saaae of London, 134A, 502 (1931)—-(0 and 25 C, 1 to 600 108 L. Holborn and J. Otto, Zeitschrift fir Physik, 33, 1 (1925) 
atm). (—183 to 400 Oto 105 atm). 
109 L. Holborn and J, Otto, Zeitschrift fir Physik, 38, 359 (1926) _ 


5 
q 
( ( to 183. C, 0 to 105.1 atin 
76 =H. J. Hoge and J. W. Lassiter, United States National 110 W. H. Keesom and J. J. M. Van Santen, Communications 
Bureau of Standards Journal of Research, 47, 75 (1951)—(37.2 to From the Physical Laboratory of the University of Leiden, No. 227b 7 
41.2 K, 141 to 223 atm). (1933) (Oto 100.C, 5.5 to 16.5 atm). 
77. A. Michels and M. Goudeket, Physica, 8, 353 (1941)—(0 to 111 W.H. Keesom and H. H. Kraak, Communications From the 
a 50 C, 9 to 3000 atm). Physical Laboratory of the University of Leiden, 234e (1935) -—(2.6 
to 4.2 K, 0.07 to 0.34 atm). 
ETHANE 112. W.H. Keesom and W. K. Walstra, Communications From the 
7&8 J. A. Beattie, G. J. Su, and G. L. Simard, Journal of the — Physical Laboratory of the University of Leiden, No. 260e (1940) 
American Chemical Society, 61, 924 (1939)—(32.2 to 32.3 C, 48.09 to (2.61 to 4.24 K, 0.036 to 0.93 atm) a 
48.3 atm). 113. J. Kistemaker and W. H. Keesom, ’hyeiza, 12, 227 (1046) ae 
79 J. A. Beattie, G. J. Su, and G. L. Simard, Journal of the (1.7 to 2.7 K, 0.003 to 0.022 atm). > 
imerican Chemical Society, 61, 926 (1939)—(50 to 275 C, 60 to 350 114. J. P. Martinez and H. K. Onnes, Communications From the _ 
atm). Physical Laboratory of the University of Leiden, No. 164 (1923) . 
80 J. A. Beattie, N. Poffenberger, and C, Hadlock, Journal of = (20.5 ©, 0.04 to 0.8 atm). 
Chemical Physics, 3, 93 (1935)—(25 to 250 C, 11.1 to 192.3 atm). 115. A. Michels and H. Wouters, Physica, 8, 923 (1941) —O 7 7 
81 N. Quint, Zeitschrift fiir Physikalische Chemie, 39, 14 (1902)— 150 C, 9 to 292 atm). 
14 to 50 C, 32 to 56 atm). 116 G.P. Nijhoff and W. H. Keesom, Communications From the ‘a 
82 H.H. Reamer, R. H. Olds, B. H. Sage, and W. N, Lacey, Physical Laboratory of the University of Leiden, No. 188b (1927) —_ _ 
Industrial and Engineering Chemistry, 36, 956 (1944)—(100 to 460 F, (— 183.07 to — 201.52 C, 3 to 8 atm). 
0 to 680 atm), 117. G. P. Nijhoff, W. H. Keesom, and B. Dliin, Communications | 
83 =B. H, Sage, D. C. Webster, and W. N. Lacey, Industrial and From the Physical Laboratory of the University of Leiden, 188¢ 4) 
Engineering Chemistry, 29, 658 (1937)—-(70 to 250 F, 1 to 240 atm). (1927) —(— 249 to 103.6 C, 1.5 to 14 atm) : 7 


1064 


118 H.K. Onnes, Communications From the Physical Laboratory 
of the University of Leiden, No. 102 (1908) —(-—-216 to 100 C, 9 to 60 
atm). 

119 H. K. Onnes and J. D A. Boks, Communications From the 
Physical Laboratory of the University of Leiden, No. 170b (1924) — 
(2.57 to 4.21 K, 0.065 to | atm). 

120 J. Oishi, Tokyo Institute of Physical and Chemical Research, 
Scientific Papers, 43, 22 (June, 1949) —(0 and 100 C, 1.2 to 1.5 atin). 

121 J. Otto, Handbuch der Experimental Physik, 8 (2), 143 
(1929) -(0 and 100 C, LOL to 190 atin) 

122 F. M. Penning and H. K. Onnes, Communications From 
the Physical Laboratory of the University of Leiden, No. 165c 
(1923)-—-( - 258 to — 205 C, 8.6 to 50 atm) 

123 W. Ramsey and M. W. Travers, Philosophical Transactions 
of the Royal Society of London, 1974, 47 (1901) —(11.2 and 237.3 C, 
28 to 100 ato). 

124. W. G. Schneider, Canadian Journal of Research, 
(1949) —(0 and 600 C, 6 to 80 atm). 

125 F. P.G. A. J. van Agt and H. K. Onnes, Communications 
From the Physical Laboratory of the University of Leiden, No. 176b 
(1925) — (14 to 90 K, 0.05 to 1.6 atm). 

126 R. Wiebe, V. L. Gaddy, and C. Heins, Jr., Journal of the 
American Chemical Society, 53, 1721 (1931)—(—-70 to 200 C, 100 to 
1000 atm). 


27B, 339 


127 J. A. Beattie and W. C. Kay, Journal of the American Chemi- 
cal Society, 59, 1586 (1937) —(266.8 to 267 C, 26.92 to 27.04 atm). 

128 L. B. Smith, J. A. Beattie, and W. C. Kay, Journal of the 
American Chemical Society, 59, 1587 (1937) —(30 to 250 C, 7 to 351 
atm). 


n-Hexane 


1290 E. A. Kelso and W. A. Felsing, Journal of the American 
Chemical Society, 62, 3132 (1940)—(100 to 275 C, 0.1 to 10 atm) 

130 G.L. Thomas and 8. Young, Journal of the Chemical Society 
of London, 67, 1071 (1895)—(170 to 280 C, 9.3 to 35.9 atm). 


HyproGen 


131 E.H. Amagat, Annales de Chimie, (4), 28, 274 (1873) —(249 to 
252 C, 1 atm). 

132 FE. H. Amagat, Annales de Chimie, (5), 19, 345 (1880)—(0C, 
32 to 400 atm). 

133 E. H. Amagat, Annales de Chimie, (5), 22, 353 (1881) —(17.7 
to 100.1 C, 39.5 to 421 atm). 

134 E. H. Amagat, Comptes Rendus des Séances de |l’Academie 
des Sciences, 107, 522 (1888)—(15 C, 750 to 3000 atm). 

135 KE. H. Amagat, Annales de Chimie, (6), 29, 68 (1893) —(0 to 
200 C, 1 to 3000 atm). 

136 FE. P. Bartlett, Journal of the American Chemical Society, 49, 
687 (1927)—(0 C, 50 to 1000 atm). 

137. E. P. Bartlett, H. L. Cupples, and T. M. Tremearne, Jowrnal 
of the American Chemical Society, 50, 1275 (1928)—(0 to 400 C, 1 to 
1000 atm). 

138 KE. P. Bartlett, H. C. Hetherington, H. M. Kvalnes, and 
T. H. Tremearne, Journal of the American Chemical Society, 52, 1363 
(1930)—(—70 to 20 C, 0 to 1000 atm). 

139 J. Bassett and R. Dupinay, Comptes Rendus des Séances de 
l'Academie des Sciences, 191, 1295 (1930)—(O and 16 C, 1000 to 
5000 atin). 

140 P. W. Bridgman, Recueil des Travaux Chimiques des Pays- 
Bas, 42, 568 (1923)-—(30 and 65 C, 1940 to 12,600 atm). 

141 P. W. Bridgman, Proceedings of the American Academy of 
Arts and Sciences, 59, 173 (1924)—(30 and 65 C, 1940 to 12,600 atm). 

142 C. A. Crommelin and J. C. Swallow, Communications From 
the Physical Laboratory of the University of Leiden, No. 172a 
(1924)—(—-240 to — 217 C, 12 to 60 atm). 

143. C, A. Crommelin and J. C. Swallow, Proceedings of the 
Fourth International Congress of Refrigeration, 1, 53a (1924)— 
(—-240 to —217 C, 12 to 60 atm). 

144 W. J. de Haas, Communications From the Physical Labora- 
tory of the University of Leiden, No. 127A (1912)—(20 C, 0.16 to 
1.13 atm). 

145 P. A. Guye and T. Batuecas, Helvetica Chim Acta, 5, 532 
(1922)—(0 C, 0.2 to 1.2 atm). 

146 P. A. Guye and T. Batuecas, Journal de Chimie Physique, 20, 
308 (1923)—(0 C, 0.2 to 1.2 atm). 

147 ‘V. Heuse and J. Otto, Annalen der Physik (5), 2,1012 (1929) — 
(0 and 100 C, 0.5 to 1.8 atm). 

148 Holborn, Annalen der Physik, 63, 674 (1920) —(0 to 100 C, 
0 to 100 atm). 


PRANSACTIONS OF THE ASME 


149 L. Holborn and J, Otto, Zeitschrift fiir Physik, 23, 77 (1924) — 
(200 C, 0 to 105.2 atm). 

150 L. Holborn and J. Otto, Zeitschrift fiir Physik, 33, 1 (1925)— 
(—183 to 400 C, 0 to 105.2 atm). 

151 L. Holborn and J. Otto, Zeitschrift fiir 
(1926)—(207 C, 20 to 100 atm). 

152. H. L. Johnson and D. White, Trans. ASME, 72, 785 (1950) — 
(35 to 300 K, 1 to 200 atm). 

153. P. Kohnstamm and K. W. Walstra, Proceedings of the Konin- 
klijke Academie van Wetenschappen te Amsterdam, 17, (1), 203 
(1914)—(15.5 and 20 C, 125 to 2285 atm). 

154 8. H. Maran and D. Turnbull, Industrial and Engineering 
Chemistry, 34, 544 (1942)—(0 C, 100 to 1000 atm). 

155 J. P. Martinez and H. R. Onnes, Communications From the 
Physical Laboratory of the University of Leiden, No. 164 (1923)— 
(20.5 C, 0.09 to 0.8 atm). 

156 A. Michels, G. P. Nijhoff, and A. J. J. Gervery, Annalen der 
Physik, 12, 562 (1932) —(0 to 100 C, 75 to 1200 atm). 

157 A. Michels and M. Goudeket, Physica, 8, 347 (1941)—(0 to 
150 C, 10 to 3000 atm). 

158 G. P. Nijhoff and W. H. Keesom, Communications From 
the Physical Laboratery of the University of Leiden, No. 188d 
(1927)—(0 to 100 C, 32 to 60 atm). 

159 G. P. Nijhoff and W. H. Keesom, Communications From 
the Physical Laboratory of the University of Leiden, No. 188e 
(1928) —(—248.3 to —-225.5 C, 1.6 to 4.2 atm). 

160 H. K. Onnes and H. H. F. Hyndman, Communications From 
the Physical Laboratory of the University of Leiden, No. 78c (1902) — 
(0 and 20 C, 45 to 56 atm). 

161 H. K. Onnes and C. Braak, Communications From the 
Physical Laboratory of the University of Leiden, No. 97a (1906)— 
(—217 to —-104 C, 0.3 to 60 atm). 

162 H. K. Onnes and C. Braak, Communications From the 
Physical Laboratory of the University of Leiden, No. 99a (1907)— 
(—217 to 104 C, 14.6 to 58.3 atm). 

163 H. K. Onnes and C. Braak, Communications From the 
Physical Laboratory ot the University of Leiden, No. 100a (1908) — 
(—217 to —104 C, 14.6 to 58.3 atm). 

164 H.K. Onnes and C. Braak, Communications From the Physi- 
cal Laboratory of the University of Leiden, No. 100b (1908)—(0 
and 100 C, 27.3 to 50 atm). 

165 H. K. Onnes and W. J. de Haas, Communications From the 
Physical Laboratory of the University of Leiden, No. 127¢ (1912)— 
(—257.3 to —252.6 C, 0.07 to 0.6 atm). 

166 H. K. Onnes, C. A. Crommelin, and E. L. Smid, Communiea- 
tions From the Physical Laboratory of the University of Leiden, No. 
146b (1914)—(20 C, 60 to 100 atm). 

167. H. K. Onnes, C. Dorsman, and G. Holst, Communications 
From the Physical Laboratory of the University of Leiden, No. 146a 
(1915)—(20 C, 60 to 90 atm). 

168 H. K. Onnes and F. M. Penning, Communications From 
the Physical Laboratory of the University of Leiden, No. 165b 
(1923) —(—243.9 to —103.6 C, 6 to 50 atm). 

169 J. Otto, Handbuch der Experimental Physik, 8 (2) 16! 
(1929) —(0 and 100 C, 102 to 189 atm). 

170 ~F. M. Penning, Communications From the Physical Labora- 
tory of the University of Leiden, No. 166 (1923)—(—244 to —-104 C, 
6 to 50 atm) 

171 G A. Scott, Proceedings of the Royal Society of London, 
125A, 330 (1929)——(25 C, t to 170 atm). 

172 J. C. Schalkwijk, Communications From the 
Laboratory of the University of Leiden, No. 70 (1901) 
60 atm). 

173 D. T. A. Townend and L. A 
Royal Society of London, 134A, 502 (1931) 
atm). 

174 F. P.G. A. J. van Agt and H. K. Onnes, Communications 
From the Physical Laboratory of the University of Leiden, No. 176b 
(1925) —(14 to 90 K, 0.04 to 1.6 atm). 

‘75 T. T. H. Verschoyle, Proceedings of the Royal Society of 
London, 111A, 552 (1926)—(0 and 20 C, 46 to 25 atm). 

176 K. W. Walstra, Proceedings of the Koninklijke Academie 
Wetenshappen te Amsterdam, 17,203 (1914)—(15.5 and 20 C, 1 to 
2200 atm). 

177 KR. Wiebe and V. L. Gaddy, Journal of the American Chemi- 
cal Society, 60, 2300 (1938)—(0 to 300 C, 25 to 1000 atm). 

178 A. W. Witkowski, Krakauer Anzeiger, 305 (1905) —(—212 to 
100 C, 0 to 60 atm). 

179 V. Wroblewski, Weiner Bericht, 11A, 97, 1346 (1888) —(--182 
to 100 C, 14 to 70 atm). 

180 8. A. Zlunitsyn and N.S. Rudenko, Journal of Experimental 


Physik, 38, 359 


Physical 
20 C, 1 to 


Bhatt, Proceedings of the 
-(0 and 25 C, | to 600 
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and Theoretical Physics (U.S.S.1.), 16, 776 (1946)—(65.7 to 90.6 K, 


7 to 1000 atm). 
HypRrocEN SuLPHIDE 
181 H.H. Reamer, B. H. Sage, and W. N. Lacey, Industrial and 
Engineering Chemistry, 42, 140 (1950)-—(40 to 340 F, 0 to 681 atm). 
METHANE 


182 EF. H. Amagat, Annales de Chimie, (5), 22, 353 (1881) —(14.7 
to 100.1 C, 39 to 300 atm). 


183. FP. A. Freeth and T T. H. Verschoyle, Proceedings of the 
Royal Society of London, 130A, 453 (1931) —(0 and 20 C, 17.2 to 215 
atm). 

184. F. G. Keyes and N. G. Burk, Journal of the American 


Chemical Society, 49, 1403 (1927)-—(0 to 200 C, 32.3 to 254.4 atm). 

185 H. N. Kvalnes and V. L. Gaddy, Journal of the American 
Chemical Society, 53, 394 (1931)—(-—70 to 200 C, 0 to 1000 atm). 

186 A. Michels and G. W. Nederbragt, Physica, 2, 1001 (1935) 
— (0 to 150 C, 20 to 60 atm). 

187 A. Michels and G. W. Nederbragt, Physica, 3, 569 (1936)— 
(0 to 150 C, 25 to 380 atm). 

188 R.H. Olds, H. H. Reamer, W. N. Lacey, and B. H. Sage, Jn- 
dustrial and Engineering Chemistry, 35, 922 (1943)—(70 to 460 F, 0 to 
686 atm). 


Merny. FLvoriwe 


189 A. Michels, A. Visser, R. J. Lunbeck, and G. J. Volkeas, 
Physica, 18, 114 (1952)—(0 to 150 C, 0 to 150 atm). 


NEON 


190 F. P. Burt, Transactions of the Faraday Society, 6, 19 (1910) 
—(0 C, 0.18 to 1.1 atm). 

191 C,. A. Crommelin, J. P. Martinez, and H. K. Onnes, Com- 
munications From the Physical Laboratory of the University of 
Leiden, No. 154A (1919)—(— 217 to 20 C, 22 to 93 atm). 

192 V. W. Heuse and J. Otto, Annalen der Physik, (5), 2, 1012 
(1929)—(0 C, 0.4 to 1 atm). 

193 L. Holborn and J. Otto, Zeitschrift fir Physik, 23, 77 (1924)— 
(0 to 400 C, 0 to 105 atm). 

194 L. Holborn and J. Otto, Zeitschrift fir Physik, 33, 1 (1925)— 
(— 183 to 400 C, 0 to 105 atm). 

195 L. Holborn and J. Otto, Zeitschrift fiir Physik, 38, 359 
(1926)—(—207.9 C, 20 to 90 atm). 

196 A. Michels and R. O. Gibson, Annalen der Physik, (4), 87, 
850 (1928)—(0 to 100.8 C, 32 to 494 atm). 

197 J. Oishi, Tokyo Institute of Physical and Chemical Research, 
Scientifie Papers, 43, 22 (1949)—(0 and 100 C, 1.2 to 1.5 atm). 

198 H. K. Onnes and C. A. Crommelin, Communications From 
the Physical Laboratory of the University of Leiden, No. 147d 
(1917) —(—- 217 to 20 C, 22 to 93 atm). 

199 W. Ramsey and Travers, Philosophical Transactions of 
the Royal Society of London, 197A, 47 (1901)—(11.2 and 237.3 C, 
39 to 94 atm). 


NITROGEN 


200 H, Amagat, Annales de Chimie, (5), 19, 345 (1880) 
27.3 to 430.1 atm) 
201 EK. H. Amagat, Annales de Chimie, (5), 22, 353 (1881) —(17.7 


to 100C, 39 to 417 atm). 

202 H. Amagat, Comptes Rendus des Séances de |’ Academie 
des Sciences, 95, 638 (1882) —(0 to 260 C, 0 to 442 atm). 

203 b. H. Amagat, Comptes Rendus des Séances de |’ Academie 
des Sciences, 107, 552 (1888)—(15 C, 750 to 3000 atm). 

204 Amagat, E. H., Annales de Chimie et de Physique, (6), 29, 68 
(1893)—(0 to 199.5 C, 1 to 3000 atm). 

205 E.P. Bartlett, Journal of the American Chemical Society, 49, 
687 (1927)—(0 C, 50 to 1000 atm). 

206 =F. P. Bartlett, H. L. Cupples, and T. H. Tremearne, Journal 
of the American Chemical Society, 50, 1275 (1928)—(0 to 400 C, 1 to 
1000 atin). 

207 +E. P. Bartlett, H. C. Hetherington, H. M. Kvalnes, and T. H. 
Tremearne, Journal of the American Chemical Society, 52, 1363 
(1930) —(—70 to 20 C, 0 to 1000 atm). 

208 J. Basset and R. Dupinay, Comptes Rendus des Séances de 
l'Aecademie des Sciences, 191, 1295 (1930)—(O and 16 C, 1000 to 
5000 atm). 


209 M. Benedict, Journal of the American Chemical Society, 59, 
2224 (1937)—(—175 to 200 C, 980 to 5800 atm). 
210 ~P. W. Bridgman, Proceedings of the American Academy of 


Arts and Sciences, 59, 173 (1924)—(68 C, 2400 to 14,500 atm). 
211 G. A. Bottomly, D. S. Massie, and F. R. 8. Whytlaw-Gray, 


Proceedings of the Royal Society of London, 200A, 201 (1950) —(22.05 
C, 0.3 to 1.1 atm). 

212 J. Duclaux, Comptes Rendus des Séances de l'Academie 
des Sciences, 226, 2034 (1948)—(—102 C, 28.5 to 54.7 atm). 

213° ~V. W. Heuse, Zeitschrift fiir Physik, 37, 157 (1926)—(O and 
100 C, 0.5 to 1.8 atm). 

214 V. W. Heuse and J. Otto, Annalen der Physik, (5), 2, 1012 
(1929)—-(0 C, 0.5 to 1.8 atm). 

215 L. Holborn and J. Otto, Zeitschrift fiir Physik, 10, 367 
(1922)—(0 to 100 C, 0 to 100 atm). 

216 ~L. Holborn and J. Otto, Zeitschrift fir Physik, 23, 77 (1924) 
(0 to 400 C, 0 to 105 atm). 


217 L. Holborn and J. Otto, Zeitschrift fir Physik, 30, 320 - 
(1924) 130 to —50 C, 0 to 105 atm). 
218 L. Holborn and J. Otto, Zeitschrift fiir Physik, 33, 1 (1925)— 


(—130 to 400 C, 0 to 105 atm). 

219 F. Henning and W. Heuse, Zeitschrift fiir Physik, 5, 285 
(1921)—(0 and 100 C, 0.3 to 1.8 atm). 

220 3S. H. Maran and D. Turnbull, Industrial and Engineering 
Chemistry, 34, 544 (1942)—(0 C, 100 to 1000 atm). 


221 A. Michels, H. Wouters, and J. DeBoer, Physica, 1, 587 


(1934)—-(0 to 150 C, 19 to 85 atm). 
222 A. Michels, H. Wouters, and J. DeBoer, Physica, 3, 585 
(1936) —(0 to 150 C, 200 to 3000 atm). 


223 H.K. Onnes and A. Th. van Urk, Communications From the 
Physical Laboratory of the University of Leiden, No. 169D (1924)— 
(—150 to 20 C, 23 to 60 atm). 

224 J. Otto, Handbuch der Experimental Physik, 8 (2), 168 
(1929)—(0 and 100 C, 99 to 189 atm). 

225 J. Otto, A. Michels, and H. Wouters, Physikalische Zeitschrift, 
35, 97 (1934)—(0 to 150 C, 45 to 415 atm). 

226 W. Ramsey and M. W. Travers, Philosophical Transactions 
of the Royal Society of London, 197A, 47 (1901)—(11.2 and 237.3 C, 
53 to 105 atm). 

227 +L. B. Smith and R. 8. Taylor, Journal of the American 
Chemical Society, 45, 2107 (1923)—(0 to 200 C, 34 to 320 atm). 

228 (. Schlatter, T. Batueeas, and G. Maverick, Journal de 
Chemie Physique, 26, 548 (1929)—(0 C, 0.3 to 1 atm). 

229 T. T. H. Versehoyle, Proceedings of the Royal Society of 
London, 111A, 552 (1926)—(0 and 20 C, 25 to 205 atm). 

230) =R. Wiebe and V. L. Gaddy, Journal of the American Chemical 
Society, 60. 2300 (1938) —(0 to 300 C, 25 to 1000 atm). 


Nrraic Oxipe 


231 «=T. Batueeas, Journal de Chimie Physique, 22, 101 (1925)— 
(0OC,0.3to1 atm). 

232 -. Briner, H. Biedermann, and A. Rothen, Journal de 
Chimie Physique, 23, 157 (1926) —(—78.6 to 9 C, 30 to 160 atm). 

233 =2B. H. Golding and B. H. Sage, Industrial and Engineering 
Chemistry, 43, 160 (1951)—(40 to 220 F, 0 to 170 atm). 


OxyYGEN 


234 -L. H. Amagat, Annales de Chimie, (5), 19, 345 (1880)—(0 C, 
31 to 400 atm). 

235 H. Amagat, Comptes Rendus des Séances de |’ Academie 
des Sciences, 91, 812 (1880)—(14.7 and 100 C, 113 to 418 atm) 

236 6b. H. Amagat, Comptes Rendus des Séances de |’ Academie 
des Sciences, 107, 522 (1888) 5 C. 750 to 3000 atm). 

237 =F. H. Amagat, Annales de Chimie et de Physique, (6), 29, 68 
(0 to 200 C, 1 to 3000 atm) 

238 1b. Baxter and G. Starkweather, Proceedings of the National 
Academy of Science, 12, 699 (1926)—(O C, 0.25 to 1 atm). 

239 =. W. Grey and F. P. Burt, Journal of the Chemical Society 
of London, 9, 1633 (1909) —(0 C, 0.2 to 1.2 atm) 

240 P. A. Guye and T. Batuecas, Helvetica Chim. Acta, 5, 532 
(1922) —-(0 C, 0.2 to 1.2 atm). 

241 P. A. Guye, and T. Batuecas, Journal de Chimie Physique, 20, 
308 (1923)--(O C, 0.2 to. 1.2 atm). 

242 V. W. Heuse, Zeitschrift fir Physik, 37, 157 (1926) 
100 C,, 0.5 to 1.8 atm). 


and 


243 V. W. Heuse and J. Otto, Annalen der Physik, (5), 2, 1012 
(1929)—-(0 C, 0.4 to 1 atm) 

244 L. Holborn and J. Otto, Zeitschrift far Physik, 10, 367 
(1922) ‘9 to 100 C, 0 to 105 atm) 

245 LL. Holborn and J. Otto, Zeitschrift fir Physik, 33, 1 (1925)— 


(Oto 100 Oto 105 atin). 

246 «=H. A. Kuypers and H. K. Onnes, Communications From the 
Physical Laboratory of the University of Leiden, 165A (1923)—(0 
and 20 20 to 60 atin). 

247 S. H. Maran and D. Turnbull, Industrial and Engineering 
Chemistry, 35, 5A (1942)-—(0 ©, 100 to 1000 atm). 

248 I Masson and L. G. F. Dolley, Proceedings of the Royal 
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Society of London, 103A, 524 (1923)—(24.95 C, 5 to 125 atm). 
249 G. P. Nijhoff and W. H. Keesom, Communications From 
the Physical Laboratory of the University of Leiden, No. 179B (1925) 

(—-152 to —40 C, 3 to 9 atm). 

250 H. K. Onnes and H. H. F. Hyndman, Communications From 

Physical Laboratory of the University of Leiden, No. 78b 
(1902)—(0 to 20 C, 22 to 66 atm). 

251 4H. K. Onnes and H. A. Kuypers, Communications From the 
Physical Laboratory of the University of Leiden, No. 169A (1924)— 
(—117 to —40 C, 20 to 6 atm). 

252 A. T. van Urk and G. P. Nijhoff, Communications From the 
Physical Laboratory of the University of Leiden, No, 169C (1925) 
(Oto 20 C, 35 to 66 atm). 


i. 


n-PENTANE 


253 J. Rose-Innes and 8S. Young, Philosophical Magazine, (5), 47, 
353 (1899) —(40 to 280 C, 1 to 60 atm). 

254 B. H. Sage, W. N. Lacey, and J. G. Schaafsma, Industrial 
and Engineering Chemistry, 27, 48 (1935)—(70 to 220 F, 0.7 to 205 
atm). 

255 B. 
Chemistry, 34, 730 (1942) 


H. Sage and W. N. Lacey, Industrial and Engineering 
(100 to 460 F, 1 to 680 atm). 


Jso-PENTANE 


P. W. Bridgman, Proceedings of the American Academy of 
(0 to 95 C, 0 to 9000 atm). 


256 
Arts and Sciences, 66, 185 (1930) 

257 +E. A. Kelso and W. A. Felsing, Journal of the American 
Chemical Society, 62, 3132 (1940)—-(100 to 225 C, 5.6 to 312 atm). 

258 S$. Young, Proceedings of the Physical Society of London, 13, 
602 (1894)—(10 to 280 C, 5.5 to 60 atm). 

259 8. Young, Zeitschrift fiir Physikalische Chemie, 29, 
(1899)—-(10 to 280 C, 5.5 to 60 atm), 
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PROPANE 


260 J. A. Beattie, N. Poffenberger, and C. Hadlock, Journal of 
Chemical Physics, 3, 96 (1935) (96 to 97.2 C, 41.4 to 42.4 atm). 

261 J. A. Beattie, W. C. Kay, and J. Kaminsky, Journal of the 
American Chemical Society, 59, 1589 (1937)——(96.8 to 275 C, 23 to 
atm). 

262 3B. J, Chenery, H. Marchman, and R. York, Industrial and 
Engineering Chemistry, 41, 2653 (1949)--(50 to 125 C, 10 to 50 atm). 

263 W. W. Deschner and G. G. Brown, Industrial and Engineer- 
ing Chemistry, 32, 836 (1940)-—(30 to 336 C, 1 to 140 atm). 

264 B. A. Sage, J. G. Schaafsma, and W. N. Lacey, Industrial 
and Engineering Chemistry, 26, 1218 (1934)—(70 to 220 F, 1.5 to 204 
atm). 

265 B 
Chemistry, 41, 482 (1949) 


A. Sage and W. N. Lacey, Industrial and Engineering 
(100 to 460 F, 0 to 680 atm). 


PROPYLENE 
266 H. Marchman, H. W. Prengle, and R. L. Motard, Industrial 
and Engineering Chemistry, 41, 2658 (1949)—(30 to 250 C, 10 to 215 
atm) 
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Chemistry, 32, 1252 (1940) 


W. EF. Vaughn and N. P. Graves, Industrial and Engineering 
(0 to 300 C, 2 to 80 atm). 


WATER 


268 HH. L. Callendar, Proceedings of the Institution of Mechanical 
Engineers, 116, 507 (1929) —(100 to 550 C, 1 to 50 atm). 

269 J. Havlicek and L. Miskovsky, Helvetica Physica Acta, 9, 161 
(1936) — (100 to 550 C, 1 to 400 atm). 

270 ~=F.G. Keyes, L. B. Smith, and H. T. Gerry, Proceedings of the 
American Academy of Arts and Sciences, 69, 137 (1934)—(150 to 374 
C, 4.7 to 218.2 atm). 

271 ¥F. G. Keyes, L. B. Smith, and H. T. Gerry, Proceedings of 
the American Academy of Arts and Sciences, 70, 319 (1936)—-(100 to 
550 C, 1 to 390 atm). 

272 O. Maass and J. H. Mennie, Proceedings of the Royal Society 
of London, 110A, 198 (1926)— (94.3 to 200 C, 0.4 to 1.05 atm). 

273 ~L. B. Smith and F. G. Keyes, Proceedings of the American 
Academy of Arts and Sciences, 69, 285 (1934) —(30 to 374 C, 24.2 to 
344.6 atm). 


XENON 


J. A. Beattie, R. J. Barriault, and J. 8. Brierly, Journal of 
(16.7 to 300 C, 20.7 to 406.1 


274 
Chemical Physics, 19, 1219 (1941) 
atm). 


TRANSACTIONS OF THE ASME 
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275 W. Ramsey and M. W. Travers, Philosophical Transactions 
of the Royal Society of London, 197A, 47 (1901) —(11.2 and 237.3 C, 
25 to 102 atm). 
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278 W. C. Edmister, Industrial and Engineering Chemistry, 30, 
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281 F. Dodge, “Chemical Engineering Thermodynamics,” 
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Survey of Experimental Determinations | 


of Heat Capacity of Ten Technically 


All of the literature reports of determinations of heat 
capacity of gases in the period 1925 1952, inclusive, are re- 
viewed, and those pertaining to any of the ten gases air, 
NH,, CO,, CO, H,, CH,, NO, N., O., and H,O— are tabulated. 
The four direct and six indirect methods used in these 
measurements are described briefly. By means of graphs, 
the reported results for several of the gases are compared 
with values calculated from molecular data and an equation 
of state. There is included a table of the most recent values 


of heat capacity at 1 atm for the ten gases. 
ra 


FPL specitic heat is one of the most important thermody- 


INTROD! CTION 


mic properties of pure substances, and at the same time 

it is one of those measurable in the laboratory to a degree 

of confidence proportional to the expenditure of care and the 

refinement of technique. In the particular case of gases, accurate 

heat-capacity measurements, at several pressures and over a range 
of temperatures, are valuable in at least two ways: 

(a) They may be extrapolated to zero pressure at the several 
temperatures to obtain a set of values of ideal-gas heat capacities. 
For gases of any complexity the heat capacities thus obtained 
frequently may be used to decide questions of structure or vibra- 
tion frequency.  Oner 
available, the zero-pressure thermodynamic properties may be 
ealeulated over a temperature range far larger than that of the 
(b) The values obtained for the 
change of heat capacity with pressure may be an order of magni- 


a reliable set of molecular constants is 


heat-capacity experiments. 
tude more accurate than the same quantity caleulated from data 
Thus there is provided an opportunity 
to check or modify existing equations of state. 


of state of gow accuracy, 


In the past two decades it has gradually become accepted 
that ideal-gas heat capacities of diatomic molecules and others 
of very simple structure can be calculated statistically with at 
least as good reliability as they can be obtained from experi- 
mental measurements. For this reason, heat capacities of several 
of the gases which were selected for this survey probably will not 
again be measured at low pressures, unless for purposes of check- 
ing an apparatus. This does not mean, however, that gas-heat- 
capacity measurements are no longer necessary; on the contrary, 
they are becoming more important both in regard to C,° and 
equation of state, for the vast majority of substances in the vapor 
state, which are too complex for reliable statistical calculations, 

An important milestone in the history of gas heat capacities 
was the publication in 1924 of Partington and Shilling’s “Specific 
Heats of Gases” (1).2 That volume not only gave a detailed de- 
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scription of each worker’s method and apparatus, but also 
tabulated the results obtained by all workers, for a large number 
of gases. The present survey therefore attempts to include only 
the experiments which have been done since the appearance of 
the Partington and Shilling work. The reader should consult it 
for discussion of some of the classical experiments and more de- 
tailed description of apparatus and methods than can be given in 
this brief paper. 


EXPERIMENTAL Meritops 


Thus, by direct measurement, the quantity of energy at constant 
pressure A// or at constant volume AU’ necessary to raise a 
measured mass of gas through a temperature interval AT’ is ob- 
tained. The increments are kept small so that their ratio, with 
small correction, can be set equal to the appropriate derivative. 

For the purpose of this paper, direct determinations of the heat 
capacity are those which involve a calorimeter. The four 
methods to be described separately are the constant-flow calorime- 
ter method, the constant-volume method, the heat-exchanger 
method, and the explosion method, 

Indirect determinations of heat capacity are those in which 
another variable is measured, and may be converted to C, or C, 
only with knowledge of the equation of state, or of the heat 
capacity of a calibrating gas. The six methods which are to be 
described briefly are those which have been used for the gases dis- 
cussed in this survey. They are the methods involving isentropic 
expansion, velocity of sound, resonance, self-sustained oscilla- 
tions, flow comparison, and constant-volume comparison. 


Direct Meruops 


Flow Calorimeter. The constant-flow electric-heating method 
is the only way vet devised of measuring directly absolute values 
of C>. 
constant, measured rate of flow of gas through a tube, then 
measuring the temperature of the gas at two points along the tube 


In simplest terms, the method consists in obtaining a 


which constant measured electric is being 
applied. Obtaining and measuring a 4onstant flow rate to the 
desired precision, measuring temperatures which 
represent the state of the gas, and reducing the heat leak of the 
only three of the 


problems which are encountered, and which tend to make ex- 


between a power 


accurately 
calorimeter to manageable proportions are 
tremely complicated any flow calorimeter built for precision work. 


Several of the early flow calorimeters are described by Parting- 


ton and Shilling (1). One of the most refined of this type of ap- 
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paratus was built by Osborne, Stimson, and Sligh (2) and used for 
the work on ammonia (3). A simplified version of this apparatus 
was described by Wacker, Cheney, and Scott (4), and shown by 
them to be accurate to 0.1 per cent. The apparatus now in use 
at the National Bureau of Standards has been shown to give 
similar accuracy. It is drawn in cross section in Fig. 1 and is de- 
scribed in detail in the Appendix. It is this apparatus which was 
used for recent determinations of the heat capacity of oxygen 
and carbon dioxide (5), Freon-12 (6), and fluorinated hydrocarbons 
(7, 8). 

Waddington, Todd, and Huffman (9) described an all-glass 
flow calorimeter which has been employed extensively by the 
Bartlesville group of the United States Bureau of Mines, for in- 
vestigations, with an accuracy of 0.1 to 0.2 per cent, of vapors of 
hydrocarbons and related compounds (10, 11, 12). MeCullough, 
et al., have recently published revisions of this calorimeter (13) 
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and precise data on the heat capacity of water vapor (14). 

Other flow calorimeters in United States laboratories are those 
of DeVries and co-workers at Purdue University (15, 16) and 
Pitzer at the University of California (17). These also are of 
glass, operating generally at | atm or below, with somewhat less 
precision than the Bartlesville apparatus. 

The flow calorimeter of Bennewitz and Schulze (18) and a 
modification of it built by Dailey and Felsing (19) were of a 
different type. In this, the temperature difference AT along the 
flow tube is maintained by two massive metal blocks, and there is 
measured the power required to be added to the center portion of 
the tube to keep the gradient linear between the two blocks, Pre- 
cision is somewhat lower with this method. 

Constant Volume. The method of adiabatic calorimetry, cus- 
tomarily applied to determination of heat capacity of solids and 
liquids, has not been used very much for gases because the pre- 
cision is poor at ordinary densities where the heat capacity of the 
sample is small compared to that of the container, There is a 
certain appeal, however, in the simplicity of placing a weighed 
amount of sample in a closed container, isolating it, adding 
measured energy, and measuring the resultant temperature rise. 
Fair accuracy can be obtained if the gas is compressed to high 
density. A recent series of determinations of C, of carbon di- 
oxide has been made by Michels and Strijland (20) using this 
method, 

Heat Exchanger. This method was devised by Workman and 
was used to measure the ratio of the heat capacity at a selected 
pressure to that at some standard pressure (e.g., 1 atm) for hy- 
drogen, oxygen, and nitrogen (21). The method involves ex- 
changing heat between the flowing gas at high pressure and the 
same gas stream after throttling to the lower pressure. The only 
measurements required are the temperatures of the high and 
low-pressure gas before and after the heat exchanger and the 
pressures, 

Explosion. This method is no longer very often used because 
the corrections required are usually large and uncertain. How- 
ever, the temperature range for which it yields data is above that 
of any other method, and so the data have importance even if the 
accuracy is poor. Essentially, the method consists in observing 
the temperature and pressure changes in a high-pressure con- 
stant-volume container during and after the occurrence of an 
exothermic reaction. The gas whose heat capacity is to be meas- 
ured is either a compound not taking part in the reaction, or is 
an excess of one of the reactants. By varying the amounts of 
this inert gas, the mean heat capacity of the container and reac- 
tion products can be eliminated by extrapolation, The method, as 
can be seen, gives a mean C, value, between the starting and 
maximum temperatures of the explosion. Nevitt (22) and Wohl 
and Magat (23) are among the workers with this method. 


InpirEcT Meruops 


Isentropic Expansion. In an adiabatic (isentropic) expansion of 
an ideal gas, the quantity P7'7 ‘1-7 is a constant, and the value 
of y can be obtained from an experiment in which the pressure 
and temperature are measured carefully just before and just after 
an adiabatic expansion. In the case of a real gas, however, the 
exponent 8 in the expression PT® = const can be shown readily 
to be 


C, 
+ (0Z/27),] 
where Z = PV/RT. 
Using such an expression, or equivalent ones involving ‘y or 


C,, and appropriate equations of state, various workers have in- 
vestigated the isentropic expansions of a number of gases. In 
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these experiments the volume of gas involved should be large and 
the container and temperature-measuring device should have as 
little mass as possible. Consequently, nearly all work has been 
done near 1 atm. Brinkworth (24, 25), Eucken and von Lude 
(26), and Kistiakowsky and Rice (27) are among the modern 
workers in this method. 

Velocity of Sound. 

measured at sufficiently low frequency so that dispersion is not 
encountered, is related to the heat-capacity ratio by the equation 


Thus a knowledge of the equation of state is again required. The 
experimental determination of a consists usually of measuring the 
distance between nodes of standing waves set up by a vibration of 
known frequency. Partington and Shilling and their co-workers 
(28, 29, 30, 31, 32) were advocates of this method. Sherratt and 
Griffiths (33, 34), Hubbard and Hodge (35), and Cornish and 
Kastman (36) have improved the method and obtained greater 
precision. In the latter reference there is a detailed discussion of 
the method. 


The velocity of sound a in a gas, when 


Resonance. Closely akin to the sound-velocity method is the 
method developed by Clark and Katz (37) in which the natural 
frequency of two cylindrical volumes of gas is determined by 
varving the frequency of vibration of a piston between them until 
maximum amplitude is obtained. The frequency thus found is 
used in the equation 


mVoW,,? 


2a 


where m and a are the mass and area of the piston, Py and Vo are 
the volume and pressure at equilibrium on each side of the piston, 
W,,, is the frequency of maximum amplitude, E is the effective 
mass of piston and moving gas, and D, G, and H are correction 
factors for friction, nonideality, and nonadiabaticity (heat leak), 
respectively. The method was used by Katz, Leverton, and 
Woods (38) to determine y for carbon dioxide and methane. 

Self-Sustained Oscillations. Only slightly different from the 

method of Clark and Katz is that of Koehler (39) for self-sus- 
tained oscillations, In this method a ball is supported on a 
vertical column of gas in a smooth, uniform tube and oscillates at 
a frequency which is characteristic of the gas and the system. 
Equation [3] applies except that the factor 2 is eliminated from 
the denominator, and the frequency used is that of the self- 
sustained oscillation of the ball. 
This method was developed by Blackett, 
Henry, and Rideal (40, 41) and used by Henry to obtain the 
values of C, for air, nitrogen, and oxygen (42). In this experiment 
the gas flows through a tube which is thermostatted at the same 
constant temperature at both ends and heated at the center. 
Two principal measurements are taken; the rate of flow through 
the tube and the difference in temperature between two points 
placed symmetrically, as indicated by +A in Fig. 2. Measure- 
ments on two gases permit calculation of the ratio of their heat 
capacities to about | per cent. 

Constant-Volume Comparison. The method developed by 
Trautz and Kaufmann (43) and Trautz and Blum (44) was for 
comparing C, for two different gases at the same temperature. 
Essentially, the method involves adjusting the number of moles 
of the gas under investigation in a kAown volume until the tem- 
perature rise is the same as that of an identical vessel containing 
a known quantity of a standard gas, the two containers being 
heated with the same energy input. This method was not used 
extensively, since the calculations are cumbersome and the as- 
sumptions are of undetermined effect. 
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Table | lists all of the literature reports giving results of heat- 
capacity measurements on the ten gases selected for this survey, 
published since 1924, the year of Partington and Shilling’s book 
(1). The list is intended to be complete in so far as the open 
literature is concerned, The entries are arranged chronologically 
for each gas. In addition to temperature and pressure ranges of 
each set of experiments, estimates are given in most cases of the 
accuracy of the reported values of the quantity shown in the 
penultimate column. Great caution should prevail in the applica- 
Most are those of the 
original authors but occasionally an estimate has been inserted 
on the basis of the apparent precision of the data. 

The results reported by these experiments, taken as a whole, 
are rather sparse in the pressure direction and abbreviated in 
temperature range. Moreover, in the case of the uncomplicated 
molecules discussed here, it has now become the accepted prac- 
tice to calculate statistically the zero-pressure thermodynamic 
properties of each gas and then apply corrections for the effect of 
pressure, calculated from the equation of state. For these two 
reasons it has seemed that this survey would possibly perform a 
service by presenting, in necessarily abbreviated form, a set of the 
latest heat-capacity values, calculated from statistics and equa- 
tions of state, and then showing some examples of the comparison 
of the experimental heat capacities with the tabulated values, 

Table 2 lists values of the dimensionless heat capacity C,/R at 
1 atm, for air, NH;, CO,, CO, Hy, CHy, NO, Ne, Os, and H,O. 
The values for all except NH, and CH, are those that appear in 
the “NBS-NACA Tables of Thermal Properties of Gases (51).”’ 
For those eight gases, the correction for nonideality is based on 
equations of state which are arrived at by considering all of the 
experimental data including any available changes of heat capac- 
ity with pressure. 

The values in Table 2 for ammonia are taken from a recent 
critical survey and correlation by P. Davies (52). Those for 
methane are from the experimental work of Eucken and von Lude 
(26). 

Fig. 3 shows the deviations of some of the experimental heat 
capacities of carbon dioxide from those of Table 2. Only experi- 
ments which reported C, are shown. Work which appeared be- 
fore 1925 is plotted but is not referenced in this survey, since it 
is discussed thoroughly in reference (1). 

Fig. 4 shows the departure of the experimental! values for carbon 
monoxide from the NBS-NACA Tables. 

Fig. 5 is ¢ plot of C,/R against temperature at 1 atm for nitric 
oxide. The values of Eucken and d’Or (50) are presented from 
the original work and also as recalculated, using a later equation 
of state (51). The curve represents the calculated values as pre- 
sented in Table 2. For comparison, a portion of the ideal-gas 
curve is also shown. 
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MEASUREMENTS OF GAS HEAT CAPACITY, — 1952 


Temperatures Pressure Estimated 
Authors Date Method* or Range or Range Accuracy 
Atm 


DIRECT DETERMINATIONS 
Bennewitz and Schulze 1940 Flow 52.2, 73.5, 77.5 
Dailey and Felsing 1943 Flow 70 to 330 


Ammonia Osborne, Stimson, Sligh 
and Cragoe 1925 Flow -15 to 150 0.5 to 20 


Carbon Dioxide Newitt 1929 Expl. 2900 ? Cv (mean) 
Michels and Strijland 1950 Cv 20 to 40 60 to 190 i Cy 
Masi and Petkof 1952 Flow -30 to 90 0.5 to 1.5 Cp 
Schrock  . 1952 Flow 35 to 550 i to 67 x Cp 


Hydrogen Workman 1931 Exch. 50 10 to 130 : Cp/(Cp), 


7 Wohl and Magat atta 1932 Expl. 2200 to 2550 1 and 3 _ Cv(mean) 


Nitrogen | ss Newitt i929 Expl. 2327 to 2727 ? he Cv (mean) 
i Mackey and Krase + 1930 Flow 30 to 150 50 to 800 y Cp 
Workman 1931 Exch. 26 and 60 10 to 130 CpACp)o 


Oxygen Workman 1931 Exch. 26 and 60 10 to 130 CpACp)o 
adi wd Wacker, Cheney and Scott 1947 Flow -30 to 90 1 Cp 
Masi and Petkof 1952 Flow -30 to 50 1 

Steam __ Newitt Expl. 2327 to 2727 Cv (mean) 


eal we Wohl and Magat 1932 Expl. 2000 to 2600 Cv (mean) 
Maxwell and 1933. Expl. 1400 to 2450 5 Gv (mean) 


Waddington 1952 Flow 90 to 215 0.2 to 1 


a 
at INDIRECT DETERMINATIONS 
Brinkworth 1925 Exp. 118°, -78, 17 
Shilling and Partington 1928 Vel. 0 to 1300 
Eucken and von Lude 1929 Exp. 0 to 210 
Trautz and Kaufmann 1930 Cv Comp. 20 
Henry 1931 Flow Comp. 20 to 370 
Hubbard and Hodge 1937 Vel. 27 to 100 
Kistiakowsky and Rice 1939 Exp. 0 to 100 
Carbon Dioxide Eucken and von Lude 1929 Exp. 0 to 270 4 A 
King and Partington 1930 el. 15 to 1000 dep Teh 
Trautz and Blum 1933 wa, 


; 
Sherratt and Griffiths 1936 
Hubbard and Hoge 1937 rl. to 60 
Kigtiakowsky and Rice 1939 


Katz, Leverton and Woods 1949 -2 to 8.2 
Koehler 1950 
Noury 1952 0 to 100 


Carbon Monoxide Partington and Carroll 1925 
Eucken and von Lude 1929 ' 24 to 207 + ; 
Sherratt and Griffiths 1934 , 1000 to 1800 bende 


Partington and Howe 4 1925 25 

Cornish and Eastman 1928 -192 to 100 

Buecken and Mucke = 10982 354, 514 
Koehler 1950 Ose. 25 


Methane Eucken and von Lude 1929 . 25 to 207 
ei Katz, Leverton and Woods 1949 _ 25.1 
Koehler 1950 25 

Nitric Oxide Eucken and d'Or 1932 -146 to -95 

Brinkworth 19286 183, -78, 17 25 
Shilling and Partington 1928 ° 20 to 1000 : > 31 
Eucken and von Lude 1929 31 to 207 26 
Henry 1931 20 to 370 42 
Koehler 1950 25 39 


7 
Hydrogen Brinkworth -183,-78, 17 
ane 


Nitrogen 


Oxygen Shilling and Partington 1928 to 1000 31 
Eucken and von Lude 1929 to 207 26 

King and Partington 1930 5 — 950 to 1200 ; Y 32 

Henry 1931 Flow Comp. 20 to 370 42 

Koehler 1950 Osc. 25 39 


*The methods listed in the text are abbreviated.in this column as follows Lae ¢ 
Cv * Constant Volume. Cv comp. = Constant-volume comparison. Exch. * Heat exchanger; Exp. =1 sentropic expansion, Wy Ovi: 
Exp! * Explosion. Flow = Flow calorimetry. Flow comp. * Flow comparison. Osc. = Self-sustained oscillations. — Uwe. wnenDear 
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TABLE 2 Cp/R AT 1-ATM FOR TEN GASES 


Carbon Carbon Nitric 
Ammonia _ Dioxide Monoxide __lydrogen Methane Oxide Nitrogen Oxygen Steam 
24722 3.613 3, 
3.056 3.871 3.5288 
3.517 32282 3.686 3.5146 
3,512 3.408 3.626 3.5094 
3.511 32470 3.599 3.5058 


3,517 3.499 3.594 3.5115 
3.532 3.511 3,607 3.5207 
3-554 32516 3-634 3.5365 
3.535 3.519 3.670 3.5595 
3.622 3.523 3.713 3.5884 
3.662 32527 3.760 3.6225 
3.2750 3-541 3-354 3.6998 
3,838 3-563 3.943 3.7812 
3.919 32594 4,021 3.8600 
3,991 3.633 4.089 3.9329 


4.054 3.678 : 4.147 3.9985 
4.110 3.727 4.196 4.0564 
4.158 30780 4.238 4.1074 
4,199 3.833 4.274 4.1520 
40236 3-885 4.306 4.1910 


4.267 3.936 4-332 4.2253 
4.294 3.985 4.356 4.2555 
4.319 4.033 4.377 492822 
4.340 4.080 4.395 4.3058 
4,359 4.124 4.412 4.3269 


4.376 4.165 42426 4.3458 4.5716 
4.391 44204 46440 4.3027 4.5993 
42405 4.241 4.452 4.3780 4,6268 
4.418 4.276 4.464 4.3920 4,6540 
4.429 4.310 4.474 4.4047 4, 6808 


4.440 4.342 4.484 4.4163 4,7071 
4.450 4.373 4.493 44270 4.7328 
4,459 42402 4.502 4.4369 4.7579 
4.468 4.430 4.510 4.4460 4,7824 
4.476 4.458 4.518 4.4545 4,8062 


deg K~1 068604 116674 045158 070946 0985709 4123874 066222 4070930 ,062100 110301 
R.Btu 068559 0116598 045123 6070899 985059 123798 066179 070884 062059 110229 


© Regnouit (1862) Scheel and Heuse (19/2) 
@ Wiedemann (1876) © Eucken and von Lude (1929) 
© Holborn and Henning (1907) O Kistiokhowsky and Rice (1939 
© Swann (1910) @ Mosi ond Petkof (1952) 
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ef 
150 3.5208 
200 3.5062 
250 3.5021 
300 3.5055 
350 305160 4,521 4.75: 3.5759 
3.5333 4,685 4,983 3.6243 4,355 
450 3.5577 4,866 5.188 3.6811 4,284 
500 3.5882 5,056 5.37% 3e7415 40286000 
550 306238 S242 5.542 3.8023 4,335 
600 3.6626 54423 54605 3.8611 4,391 
3.7455 3.9681 4,522 
800 3.8281 4.0583 4,665 
900 3,906 «69375 4.1332 4,8096 
000 3.979 6-532 4.1952  4,9607 
a. 1100 9046 64664 4.2472 5.1807 
6.775 4.2915 5.2510 | 
4,171 6872 4.3302 5.3856 
& 6.952 4.3653 5.5125 
1900 4566 4.5154 6,0088 “| f 
2900 8.86 5690 
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Figs. 6 and 7 are the deviation plots for the experimental data 


for nitrogen and oxygen at | atm. The low values for the 
velocity-of-sound method appear to be caused chiefly by use of 
an incorrect value of the velocity of sound in air as a reference, 
Fig. 8 shows the comparison between Workman’s experimental 
heat capacity of oxygen at moderate pressure (21) and the values 


of the NBS-NACA tables, represented by the curves. 
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Appendix 

Description of Flow Calorimeter. As an example of the method 
and apparatas which is now most favored for obtaining precise 
heat-capacity measurements, the flow calorimeter in use at the 
National Bureau of Standards is described briefly. The calorime 
ter proper, with its constant-temperature bath, is shown in Fig. 1. 
The necessary heater, refrigeration, control thermometer, and 
stirrer for the bath are shown in the left part of the large Dewar 
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flask in the figure. The temperature of the bath is controlled 

automatically and remains constant within +0.001 deg for the 

period of a heat-capacity determination or longer. 

The flow calorimeter is made of metal. The center tube, which 
is the calorimeter, is thin-walled Monel. The calorimeter is pro- 
tected as much as possible from heat leaks by polishing the various 
surfaces, by having high vacuum in the jacket, and by maintaining 
the surrounding radiation shield 8 and the upper tube very near 
the calorimeter temperature. 

The gas entering the calorimeter at I is brought to bath tem- 
perature in the helix, its temperature is measured at N,, electrical 
energy is added by means of the heater H., and the tempera- 
ture is again measured at No. N, and Ny, are nickel-resistance 
thermometers. The power and rate of flow are adjusted so that 
the rise in temperature is close to a selected value, usually 10 deg 
C. 

If the gas under investigauon has a vapor pressure at 0 C in ex- 
cess of 3 atm, the sample is contained in a steel cylinder in an ice- 
water bath (not shown in Fig. 1). Reduction in pressure is ac- 
complished, and the rate of flow is controlled accurately by means 
of a sensitive diaphragm valve. The mean pressure and pressure 
drop in the calorimeter are observed by means of a three-column 
manometer, two columns of which are connected to the calorime- 
ter as shown in Fig, | 

The gas is led from the calorimeter at O to a receiver at liquid- 
nitrogen temperature, through a snap-throw valve which is used 
to divert the flow, within 0.1 sec, from one receiver to another. 

A heat-capacity experiment consists of taking data during a 
steady-state period when the gas is removing heat at the same 
rate it is being added. Nearly continuous measurements are 
made of the exit temperature at No, and slight adjustments of the 
flow are made to keep that temperature as constant as possible. 
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into and away from a —_ receiver tw means of the snap- 
throw valve. The readings of Ne» are identical at these two 
moments so that there is no gain or loss of energy by the calorime- 
ter. Readings of the current and potential in the heater, the re- 
sistance of N, and a platinum-resistance thermometer in the bath, 
height of the manometer columns, barometer, time interval to 
0.01 sec, and weight of sample to | mg are the other data ob- 
tained. A G-2 Mueller bridge is used for the measurement of re- 
sistances, and a sensitive five-dial potentiometer, with calibrated 
standard resistor and volt box, is used for the energy measure- 
ments. 

In order to eliminate, as far as possible, the effect of residual 
heat leaks, the heat capacity is determined at a number of dif- 
ferent flow rates at each temperature and pressure of measurement 
and extrapolated to zero reciprocal rate of flow. Also, ‘“‘blank”’ de- 
terminations are made at several rates at each temperature and 
pressure, to measure the small amount of cooling 67’ experienced 
by the gas in passing through the calorimeter when no heat is 
applied. 

If W is the power supplied to the heater, F is the rate of flow of 
the gas, A7’ is the observed rise in temperature, and 67’ is the fall 
in temperature in a corresponding blank experiment, the apparent 
heat capacity is calculated by 


W 
F(AT + 67) 


The value of C is corrected for the deviation of the observed 
mean pressure and mean temperature from the nominal values. 
The corrected values of C are then plotted against the reciprocal 
of the rate of flow and extrapolated linearly to infinite rate to 
eliminate the small heat leak (if any) and arrive at the correct C, 
for the temperature and pressure being considered. 
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A test program was set up to give advance operating 
information on the dissimilar-metal welds installed on 
the American Gas and Electric Company (AG &E) System 
in the units of the Philip Sporn Plant of Appalachian 
Electric Power Company, The Ohio Power Company, and 
in unit No. 5 of the Twin Branch Plant of the Indiana & 
Michigan Electric Company. After cycling weld-test 
vessels, small surface notches and subsurface cracks have 
formed at the fusion line between the austenitic weld 
metal and the ferritic pipe. The program and findings to 
date are described in this paper. at ie 

INTRODUCTION 

RANSITION welds between austenitic and ferritic steels 

have been a source of interest and discussion as to their 

suitability and strength for high-temperature service. The 
difference in expansion coefficients has been the main disturbing 
element which would tend to promote failure of a welded joint 
under temperature variations. A number of excellent test pro- 
grams conducted on welds of this type have been reported to 
ASME, ASTM, and AWS‘ and we believe this report of the 
AG&E tests will add to published information on the reliability 
of these welds. 


Derstan CONSIDERATIONS 


When the American Gas and Electric Service Corporation was 
designing the first of the series of seven 150,000-kw, 1050-F, 
1000-F reheat units, the General Electric Company was using 
stainless type 347 material for high-temperature turbine shells, 
steam leads, and stop valves. Economical design of the super- 
heater-outlet tubes and the main steam header from The Babcock 
& Wilcox boiler called for using 2'/, Cr 1 Mo material, ASME 
A213grT22. The piping arrangement is shown in Fig. 1 
To join the ferritic header to the austenitic stop valves then re- 


Spec. 
quired a joint which would withstand the operating conditions 


Piping and Metallurgy Section, Mechanical 
American Gas and Electric Service Corpora- 
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4 Some papers on related tests listed in References at end of paper. 
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of 2000 psi and 1050 F in addition to the stresses resulting from 
the wide difference in coefficient of expansion between the two 
materials. Flanged joints, cast transition joints, and other types 
were reviewed and after careful study the conventional butt weld 
was decided on. 

Short stubs of the 2'/, Cr 1 Mo pipe were sent to the General 
Electric Company by The Babcock & Wilcox Company and the 
transition welds to the stop-valve nozzles were made under care- 
The field welds attaching the 
stop valves to the header were then made between corresponding 
materials. 

In general, the welding procedure used for the transition welds 
was as follows: 20-deg U-bevel welding groove, tapered type 
347 backing rings, 480-750 F preheat and interpass temperature 
during welding, type 347 filler metal, 1100-1200 F stress relief for 
the benefit of the ferritic side, gamma-ray and fluorescent-pene- 
trant post weld inspection. 


fully controlled shop conditions. 


We.p-Test Vesset AND ProcepuRrE 


In order to study the behavior of these transition butt welds 


1@-5°O0 MAIN STEAM TUBES 
TO PROVIDE VERTICAL AND 
HORIZONTAL FLEXIBILITY 


WELO TEST) 
“VESSEL 


TURBINE 


LEADS. 
18°00 MAIN STEAM HEADER -— 
(225% Cr, 1% Mo) 
FLOW NOZZLE” 


MAIN TRANSITION WELOS 
STAINLESS STOP VALVES 


Scuematic Diagram of Main Stream Piping ror 
Sporn Prant Twin Branca Piant Unit Nae. 5 


Kira. 1 


1075 


on Trane 
Le 
A 
| 
ai 
~ 
C \7 
= 
| = . 


= 


A2i3 Gr 347 


OCTOBER, 1954 


A2\3 Gr T22 TRANSITION 


Wain | STEAM] unit Out oF t+ 
Service | | 


—+ 


217 


2°00 x .5I6 WALL 


TEMPERATURE 


Cross Section or Test Vesset JANUARY 1953 


Section or Recorp on TemperaTuRES OF WeLp Test 
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under operating conditions, a test vessel as shown in Fig. 2 was ho Th 
made from sections of TP 347 stainless and 2'/, Cr 1 Mo pipe of 
the same dimensions as the pipe at the main welds. The vessel 
was closed with end caps and the center weld was made an exact 
duplicate of the main transition welds at the stop valves. A 1'/.- 
in-ID blind pipe nipple was expanded and seal-welded into a hole 
in the ferritic end cap to provide a means for inserting a radio- 
graph capsule into the center of the vessel for making inspections 
of the weld. 

The vessel was then piped up to receive steam from a connec- 
tion upstream of the main steam-flow nozzle and discharge it 
downstream. A pressure drop of up to 200 in. of water was thus 


cools with decreasing steam temperature when the load is reduced. 
At lower temperatures the vessel cools faster than the header. 
By this method the test joint is aged at high temperature while 
being subjected to more frequent wide temperature changes which 
would produce the highest stresses in the weld. A thermo-couple 
is peened into the surface of the test-vessel weld and the tem- 
perature is recorded along with the corresponding one of the main 
A typical record of these temperatures is shown in Fig. 3 


steam. 


Meruops or INSPECTION 


available at high loads to produce steam flow through the vessel 
for heating it. Heavy insulation was used to cut down heat loss 
and help maintain as high a temperature as possible in the vessel. 
The high average temperature at the surface of the vessels has 
1010 F. The steam connections are 
valved so that the vessel can be cooled independently of the main 
header and the cooling can be accelerated by blowing air through 
a small tube into the open end of the inspection pipe at one end 


been between 980 F and 


of the vessel, 
Operation of the vessel consists of exposing it to high tempera- 
ture and pressure with the steam connections open to the main 


The dissimilar welds in the three installations were inspected 
periodically by the fluorescent-penetrant method and by radio- 
graphic examination. For this purpose the surface along the 
austenitic-ferritic weld junction was sandpapered thoroughly to 
remove all oxide before the penetrant liquid was applied. The 
radiographic inspections were made with cobalt 60 because it 
offers the smallest source for gamma rays and, therefore, gives a 
more clearly defined image of any defects present. Exposures 
with the cobalt were made at the weld center line to reveal defects 
normal to the surface, and other exposures 1'/, in. off center so 
that the rays followed the angle of the scarf of the weld groove 


where cracks due to thermal-expansion 
Whenever defects were found, 


Once a week the valves are closed and the vessel on the ferritic side 
cools to approximately 300 F in about 22 hr. The stresses were most likely to form. 
then opened to start a new cycle. Through the high-temperature — they were disclosed by the fluorescent-penetrant method, but 
range the rate of cooling is equal to that of the main header which — were not indicated by gamma-ray inspection. —— 


steam header 
valves ure 


SUMMARY OF DISSIMILAR WELDS AND RECORD OF INSPECTIONS 


rABLE 1 
i . Philip Sporn Unit No. 1 
Date of installation, January 1, 195¢ te 
High average temperature of header 1050 F; of ed aso 
Number 
of eycles—~ 

Date of Test 

inspection Header vessel 
4-26-1950 
0-15-1950 
2-28-1952 


Results of inspection of header welds and 
test-vessel welds 
Intermittent shallow surface defects ground out 
No defects found in header or test vessel 
Intermittent short cracks in test vessel. 
No defects in header welds. 
short in test vessel. 
irst sample remov rom test vessel. ms =e 

Second sample removed from test vessel. 
Third removed from test vessel. qual 


Philip Sporn Unit No. 2 


Date of installation, July 1, ae 


High av erage yy > wee of header 1050 F; of vessel 1000 F 
32 


No defects found. 
ay any 


Type of 
inspection 
PPO & 
FP &R 
FP &R 


4-24-1952 


7-28-1052 


NI 
7-1-1953 37 NI 102 


3-16-1052 
2-23-1953 N 56 NI se 4 Veasel removed to add new welds 
4-2-1953 ( NI FP No defects found 


Twin Branch Unit No. 5 
Date of installation, August 22, 1949 
High a average temperature of header 1050 F; of vessel 1010 F 
Intermittent shallow surface defects ground out. | 
No defects found 
No defects found in header or test vessel. 
Intermittent surface cracks. First sample removed. 


4-23- 13 
1-6-195 NI 
12-22- 1951 34 

3-13-1953 NI 45 


Not inspected. 
+ Fluorescent penetrant. 
© Radiograph. 
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_ record of the periodic inspections are given in Table 1. 
‘Hisrory ov Pertopic INspecrions AND Discovery oF Cracks 

IN Test VesseL or Puitip Sporn Unit No. | 
The details of examinations which led to the verification of the 
presence of cracks in the test vessel at Philip Sporn unit No. 1 
were as follows: The dissimilar weld was first inspected on April 
26, 1950, when the test vessel had undergone fifteen thermal 
cycles; fluorescent-penetrant examination of the test vessel re- 
vealed a number of short intermittent cracks along the edge of 
In order 


the cover bead on the austenitic-ferritic weld junction. 
- to ascertain the depth of these cracks, two were ground and in- 
pote repeatedly until they had disappeared. This occurred 
_after less than '/3 in, of metal had been removed. The weld was 
then radiographed with cobalt 60, with the radioactive source 
located in five different positions. However, the gamma-ray 
films failed to reveal the defects found by the fluorescent-pene- 
tant method. The remaining cracks were then ground out and 
the locations re-examined to make sure that the cracks had been 
: This was done since consideration had to 
have originated in the fabrication of the weld joints. 
rr The second inspection of the dissimilar welds in the Philip 
15, 1950. The test vessel had then accumulated 34 thermal 
cycles, and the main-line welds 11 cycles. Neither Zyglo nor 
4 ‘Ss radiographic examination revealed any sign of defects in the ves- 
sel or in the main-line welds. The eracks which had been found 
by the previous examination and which subsequently had been 
removed by grinding had not re-formed. 
A third inspection by the fluorescent-penetrant method, made 
on February 28, 1952, after 78 cycles in the test vessel and 27 
ceyeles in the main-line welds, again disclosed the presence of a 
umber of short intermittent cracks, about '/, to #/,. in. long 
ach, along the dissimilar-weld junction of the test vessel, but no 
defects in the main-line welds. Radiographic examination did 
not reveal these defects. The location of the defects along the 
weld circuraference is indicated with other information in Fig. 9. 
All cracks were along the line of fusion on the ferritic side of the 


weld. 


Examination or First Two Boat Sampies 
From Test Vesse, or Seorn No. 1 
Arrer 84 


It then was decided to remove a boat sample containing one 
of the indicated defects in order to determine metallographically 
the condition of the dissimilar-weld junction. Fig. 4 illustrates 
the location of the transverse sample in the cross section of the 
weld. Fig. 5 shows a top view and section through the sample. 
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The boat was then slice d into sovenal 
sections which were polished, etched, and examined under the 
microscope. Two of the sections revealed an oxide-filled notch 
in the Croloy 2'/, base metal directly adjacent to the fusion inter- 
face as shown in the photomicrographs, Fig. 6. This notch had 
a total depth of 0.009 in. perpendicular to the surface and dis- 
played the serrated contours frequently found in eracks of dis- 
similar-weld junctions subjected to cyclie operations. A weld- 
hardness survey of the fusion interface revealed a hardness drop 
in the weld-affected Croloy 2'/, and a hardness increase in the 19-9 
Cb weld metal, indicative of carbon migration. This is shown in 
Fig. 7. Carbon migration was not recognizable in the microstruc- 
ture of the Croloy 2'/,, but was indicated by a carbide aceumu- 
Jation in the grain boundaries of the austenitic weld metal adja- 
cent to the fusion interface, Fig. 8. 
Considering the possibility that the boat sample 
sentative of the worst condition along the circumference of the 
dissimilar-weld junction, it was decided to remove a second sam- 


ple which was done on July 28, 1952. Prior to the sampling the 


additional transverse 


was not repre- 


6, 
10-0 CB 


Near Survace Oxipation Noten ot 
BouUNDARIES OF 
x 500 


Kr SION ZONE 
IN GRAIN 
(top); 


hia. 
Snowine Carsipe 


GRINDING 


NEW INDICATION PICKED UP 
LIGHT GRINDING (7-28-52) 


‘ 


x 


INDICATIONS §=REMOVED 


LIGHT GRINDING (7-28-52) 


BOUNDARY OUTLINE 
TYPE SO WELO OVERLAY 


AFTER LIGHT GRINDING PICKED 


“INDICATION REMOVED 
FOR WELO OVERLAY 


LOCATION OF @2 
BOAT SAMPLE 
(1-20-52) 


Test Vesse. at Sporn PLant Unit No. i 


three se 


Location or Derects InpIcaTeD BY FLUORESCE? 


surface was ground lightly to remove tightly adhering oxide and 
then examined. The defects revealed by this examination and 
the location of the removed boat sample are indicated in Fig. 9. 
Metallographic examination of this second sample disclosed the 
presence of an oxide notch in the Croloy 2'/, metal which in 
every respect was similar to that found in the first boat sample, 
Fig. 10. Its depth of penetration, perpendicular to the surface, 
was about 0.010 in. as compared to the 0.009 in. observed in the 
first boat sample. 


Reraink or Caviries Lerr RemMovaL or Boat 


SAMPLES 


BY 


The boat-sample cavities were ground to round out the sharp 
Vee at the bottom of the cavity and the saw-tooth marks on the 
sides. The cavity was then inspected with fluorescent oil to insure 
against the presence of cracks before welding. All traces of oil 
were removed and a 6-in. band on either side of the cavity was 
preheated to a minimum of 400 F which was maintained through- 
out the welding. Electrodes of 19-9 Cb were used with string 
beads, craters were chipped or ground, and the finished weld was 
ground smooth and flush with the pipe surface. After cooling 
the welded area was again checked with fluorescent oil, 


INVESTIGATION OF PROTECTIVE WELD OVERLAYS 


Considerable thought had been given to means of protecting 
ferritic-austenitic weldments against the type of surface cracking 
observed in laboratory and field studies of dissimilar-weld behav- 
ior. Experiments conducted by The Babcock & Wileox Company 
had indicated that the formation of the type of notch or crack 
found at the dissimilar-weld junction of the two removed boat 

umples could be retarded greatly by covering the surface area 
on both sides of the dissimilar-weld interface with nickel-chromium 
weld metal of a coefficient of thermal expansion between those of 
the low-alloy steel and the austenitic weld metal of the joint. 
Phe test vessel at Philip Sporn unit No. 1 offered an opportunity 

o try out such protective weld overlaysona large-sized pipe under 
operating conditions. 

For this purpose, all defects indicated by fluorescent-penetrant 
examination along the dissimilar-weld seam were ground out on 
the top half of the cireumference of the vessel while for compari- 
son the bottom half was left with cracks undisturbed. Along 
ctions of top-half dissimilar-weld seam, weld overlays 
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Scrrace Srress-Oxipation Norcn Founp tn Seconp Boat Samete Removep From Seonn 
Unit No. 1 Arter 84 Cycies; (top) X8; «100 


with 20 Cr 80 Ni, Carpenter stainless No. 20 (20 Cr 29 Ni 2 Mo 
3 Cu) and 25 Cr 20 Ni electrodes, respectively, were then de- 
posited as shown in Fig. 9. The top center section was left 
unprotected for comparison. The position of the weld overlay 
relative to the ferritic-austenitic weld-fusion line is indicated in 
Fig. 11. Each of the overlays consisted of two circumferential 
layers of weld metal 4 in. long extending */, in. on each side 
of the ferritic-austenitic junction. Preheat and interpass tem- 
peratures were maintained at 400 F. The finished welds were 
ground to a smooth surface contour and examined again. No 
defects were found along the new ferritic-austenitic fusion line. 
These overlay-protected weld-seam sections will be examined by 
means of boat samples after a suitable number of thermal cycles 
have again accumulated on the test vessel. 


EXAMINATION OF Boat Sampie Removep From Test 
VeSsseEL OF Puitip Sporn Unir No. 1 Arrer 102 Cycies 
The last inspection of the test vessel at Philip Sporn unit No. 1 
was made on July 1, 1953, after completion of 102 thermal cycles, 
Examination by the fluorescent-penetrant method revealed that 
the previously reported defects on the lower half of the vessel 
were still present, but had not progressed in the additional service 
time since April 24, 1952. 
the top center area where the cracks had beea removed by grind- 
ing or in the areas of the weld overlays. As a further check, a 
boat sample was removed from the top center of the vessel. 
Five photographs showing the vessel] and removal of the third 
sample with the weld-probe machine are shown in Fig. 12. 


No evidence of cracking was found in 


The boat sample was later cut into six longitudinal slices, 
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transverse to the weld junction, and the slices polished, etched, 
and microscopically examined. No erack or oxide notch was 
found at the surface of the dissimilar-weld junction although there 
was a steplike abrupt change from the austenitice-weld-metal 
surface to the surface of the 2'/, Cr 1 Mo pipe, caused by the more 
rapid oxidation of the latter, Fig. 13. However, with eareful 
polishing, some very fine intergranular fissures as shown in Fig. 
14, became apparent in the Croloy 2'/, metal adjacent to the dis- 
similar-weld interface. These fissures were located in a small area 
at the base of the top shoulder bead and did not extend to the 


ae 


surface. 
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Fria, 12 


EXAMINATION OF Boat Removev From Test Vesser 
at Twin Braneu No. 5 Arrer 158 Cyc.es 
The test vessel at the Twin Branch Plant also had been ex- 

amined periodigally up to March, 1953, by the fluorescent- 

penetrant and by radiographic methods without indications of 
defects at the dissimilar-weld junction. However, at an inspec- 
tion on March 13, after the vessel had undergone 158 thermal 
cycles, Zyglo examination revealed a notch extending around the 
entire dissimilar-weld junction. This notch could not be removed 


with light polishing and, therefore, it was decided to remove a 


Pattie Sporn No. 1 Test VesseL We.p-Prose Macwine Removine Boat SAMPLE 


boat sample. A macroetched longitudinal section through the 
latter is shown in Fig. 15. 

Four transverse-weld slices cut from the boat were subjected 
to a microscopic examination which revealed the presence of a 
blunt-nosed stress-oxidation notch, about 0.010 in deep, in the 
Croloy 2'/, metal adjacent to the weld-fusion interface, Fig. 16. 
This notch extended over the entire width of the boat sample 
About 0.020 in. below the root of this surface notch, a narrow 
zone adjacent to the fusion line containing fine intergranular 
cracks was noted as shown in Figs. 17 and 18. This cracked zone 
extended down to a depth of 0.110 in. below the vessel surface 
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13. Junction at Surrace or Tarrp Boat Sampie 
Removep From Sporn Unit No. 1 Test Vesser Arrer 102 
Cyrcies; 


hie. 14 Supsurrace Cracks tn Crovoy 2'/4 Apsacent To 
INTERFACE IN THIRD Prose SHOWN IN 13; (top) «250: 
hottem) 


Fic. 16 Surrace Strress-Oxipation Notcn at Wetp-Fuston 
INTERFACE AT SURFACE OF SectTION SHOWN IN Fic, 15; & 250 


but did not reach the latter at any location over the width of the 
boat sample. The boat-sample slices were repolished and 
etched with alkaline sodium chromate, an etchant which indi- 
cates regions of dissolved oxygen as white areas in a dark back- 
ground. Fig. 19 depicts the cracked zone after etching with the 
chromate reagent. No oxygen-containing areas were indicated 
in this zone. However, dissolved oxygen was evident at the 
periphery of the surface notch and along the surface of the Croloy 
2'/, metal, Fig. 20. The subsurface cracking along the dis 
similar-weld junction therefore may be mechanical in nature and 
not of the stress-oxidation type represented by the surface 
notches 


SUMMARY AND CONCLUSIONS 


The experience gained with the test vessels at Philip Sporn unit 
No. 1 and at the Twin Branch unit No. 5 has demonstrated that 
ferritic-austenitic weld joints subjected to thermal cycles between 
about 980-1010 F and 300 F may develop not only oxide notches 
or cracks at the surface, but also cracks below the surface. Both 
types of cracks seem to occur only in the less oxidation-resistant 
and weaker low-alloy steel in a region directly adjacent to the 
dissimilar weld-fusion interface. The notches or cracks occurring 
at the surface are undoubtedly of the stress-oxidation type 
whereas those below the surface have been shown to originate in 
the absence of oxygen. It is believed that the differential expan- 
sion stresses are primarily responsible for the development of 
these dissimilar weld cracks, 


The propagation of the cracks under the operating conditions 
existing at the Philip Sporn and Twin Branch plants appears to 
be rather slow and encourages the belief that the dissimilar welds 
in the main steam lines which are subjected to much less frequent 
thermal cycles than the test vessels are in no danger and will give 
many years of safe operation. 


The test vessels have proved to be a most valuable means of 
studying and anticipating the dissimilar-weld behavior in the 
main steam lines. The fact that radiographic examination does 
not seem to indicate the presence of surface cracks or subsurface 
cracks of the type observed in the two test vessels and the 
fluorescent-penetrant method reveals only cracks at the surface, 
but not below the surface, deserves attention. The only reliable 
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Fig. 18 A Zone or Sussurrace INTERGRANULAR Cracks SHOWN 


In 17; 750 


Fic. 19 
roR Dissotvep Oxyaen ALKALINE-SopIUM-CHEKOMATE; 


A Zone or Supsuxrace Cracks SaHown In 17, Ercuen 
250 


method of detecting the presence of both types of cracks appears 
to be the removal and metallographic examination of weld-boat 
samples. 

Both test vessels covered by this paper are back in service 
They will be inspected in Septem- 
ber, 1954, to follow the progress of the cracks. The test vessel 


and being cycled weekly. 


——.110" 


Survace Srress-Oxipation Norcn anp SussuRFACE INTERGRANULAR CRACKS IN CROLOY 2!/, 
INTERFACE OF Section SHown In Fria. 15; 


x 100 


Fia. 20 A Zone Surrace or Sampie SHOWN IN 17, Ercnep 
ror Dissotvep Oxyaen (Waite Zones) With ALKALINE-Sopium- 
Curomate; X 250 


installed with unit No. 2 at the Philip Sporn Plant is being 
revised after 56 cycles to include two additional transition welds, 
One of these is being made by General Electric Company using 
Incone! filler material and the other by The Babcock & Wilcox 


= 


Company using a ferritic electrode called B&W Croloy 2LC. The 
addition of these new welds to the program will bring into service 
testing the latest techniques in butt-welding austenitic and fer- 


ritic steels for steam piping. 
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[iscussion 


OWL J. Ropar It is gratifying to find that the test results 
on austenitic-ferritic transition welds of the American Gas and 
Publie Electric 


§ Metallurgist, Maplewood Laboratory Service 


and Gas Company, Maplewood, N. J. 


Arrer 100 THermar Cycies; 


100 


Fic, 22) Berore 100 Toermat Crees; 100 

Electric Service Corporation program, as reported by the authors 
are, in general, similar to those obtained in the Public Service ey- 
clic-heating test. 

We question the authors’ conclusion as to the origin of the 
subsurface cracking adjacent to the fusion line of their transi- 
tion Cracking of this nature was present in our test 
after 100 thermal cycles, as shown in Fig. 21 of this discussion 
It was, however, present before cycling, as shown in Fig. 22, 
although not revealed by radiographic examination. We there- 
fore concluded that the cracking occurred during welding. Some 
propagation of the initial cracks may have occurred as a result 
of thermal cycling so far. Further contemplated tests may dis- 
close more conclusively to what extent propagation does occur. 

In view of these results, we would like to ask if the authors 
made any examination other than radiographic to determine the 
presence of any subsurface cracking before eyeling, 


weld, 


Autuors’ CLosurRE 


The authors would like to thank Mr. Robar for his discussion 
of this paper. The Public Service Electric and Gas Company of 
New Jersey has done a considerable amount of work in this field 
and therefore the questions that he poses are based on sound facts. 

It is interesting that cracking similar to that discussed in the 
paper was found prior to thermal cycling. No nondestructive 
test now known will disclose cracking of this nature, and it was felt 
that removing a plug or a boat sample from the original test 
bottle may alter the stress pattern at the weld junction and thus 
conclusions after eyeling. Therefore no 


produce erroneous 


samples were taken prior to service. Examination of many other 
welds of this type on tubular specimens, both before and after 
exposure to cyclic conditions, has disclosed that welds examined 
prior to exposure showed no evidence of subsurface cracking, 
whereas welds examined after exposure showed such defects. 
Therefore we believe that our conclusion is valid that such de- 
fects may also occur as a result of cyclic stresses during test, 

It will be interesting to follow the progress of the cracking de- 
tobar in future examinations of their test vessel 


scribed by Mr 
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Cyclic Heating Test of Main Steam Piping 
Materials and Welds at the Sewaren 


This paper describes a continuation of previously re- 
ported cyclic heating tests of austenitic and ferritic piping 
and welds, representing the main steam piping installed 
at Sewaren Generating Station. In the current test, a 
section made up of these materials was subjected to ther- 
mal cycling from room temperature to 1100 F, and from 
atmospheric pressure to the operating pressure of 1500 psi. 
The heating and cooling rates were somewhat more severe 
than are experienced during regular starting and shutting- 
down conditions in the actual piping systems. The re- 
sults show that 100 cycles did not produce any cracking. 
It is proposed to continue the test to destruction by fur- 
ther cycling and the addition of external bending forces. 


INTRODUCTION 


ELDED joints between austenitic and ferritic piping 
\ have been the subject of considerable discussion because 

of differences in thermal expansion, conductivity, and 
To obtain informa- 
tion for the design of the steam-piping system between the 
boilers and turbines of the Sewaren Generating Station, a pre- 
liminary cyclic heating and cooling test of welded joints between 
these dissimilar materials was conducted in 1947.* Briefly, this 
test indicated that no failures would occur after 100 cycles repre- 
senting normal operation and 10 eycles simulating boiler carry- 


other physical properties of these materials. 


over conditions 
After installation of the Sewaren piping, a second eyclic heating 
test, which is the subject of this paper, was initiated using the 
various materials and types of welds actually installed in the 
station piping systems which included welds between austenitic 
various practices, as well as welds between 
austenitic and ferritie steels. This test differed from the first test 
in that the test section was heated by steam and was subjected 
to internal pressure. 
The General Electric Company, Westinghouse Electrie Cor- 
‘ and The M. W. Kellogg Company participated in the 
= and furnished the pieces of piping, in so far as possible, to 


steels made by 


poration, 


the same specifications as the piping which was furnished with the 

equipment, 
The first two units in the station have now been in operation 
about five vears. 


Early in the operation, some cracks were ob- 
' Mechanical Engineer, Electric Engineering Department, Public 
Service Electric and Gas Company. Fellow ASME, 

? Senior Engineer, Electric Engineering Department, Public Service 
Electric and Gas Company. Mem. ASME. 

'“Cyelic Heating Test of Main Steam Piping Joints Between 
Ferritic and Austenitic Steels—-Sewaren Generating Station,"’ by 
H. Weisberg, Trans. ASME, vol. 71, 1949, pp. 643-644. 

Contributed by the Joint 4STM-ASME Committee on Effect of 
Temperature on the Properties of Metals and presented at a joint 
session with the Power Division at the Annual Meeting, November 
29-December 4, 1953, of THe AMERICAN Society oF MECHANICAL 
ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, Octo- 
ber 9, 1953. Paper No. 53--A-151. 
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served and two failures occurred in the austenitic turbine ststng* 
The failures occurred in the third unit, which started a year after 
the first two units, The defects have been attributed to improper _ 


detail design or faulty installation of the various piping com-— 
ponents rather than to materials or types of welds. 


Description or Test 


The test section is shown in Figs. | and 2. It consists of nine 

3 forged-ferritic, 2 forged-austenitic, and 3 cast-austeni- 
tie pieces (one centrifugally cast) each approximately 10 in. long, 
12 in. nominal diam, and 2'/, in. in wall thickness, also one 
austenitic-ferritic (Kelealoy) transition piece. The centrifugal 
casting furnished by the United States Pipe and Foundry Com-— 
pany is included to obtain information on this material and does — 
not represent any piping in the actual installation at Sewaren. am 
The chemicals and physicals of the individual pieces are shown — 
in Table | 

Welded joints represent actual shop and field welds made with 
the techniques used in the installed station piping. Welds were 
preheated and postheated as shown in Fig. 2 and represent varia- 
tions in practice at the time. Later work demonstrated that 1350 
F postheat is preferable for the 3 Cr 1 Mo material to avoid pos- 
sibility of forming martensite. Also that a 1900-2000 F solution 
heat-treatment is desirable for the austenitic material to minimize 
sigmatization in operation. Welds heat-treated in accordance with 
this later practice were incorporated in the tests as the work 
proceeded (see Appendix), 

The test section was provided with a steel core to reduce the 
internal steam volume, and distributing internals were installed 
to insure uniform heating and cooling as shown in Fig. 3. It was 
connected to the main steam piping of No. 1 Unit, Sewaren, 
operating at 1500 psig, 1050 F, and the outlet was piped to the 
main condenser of that unit. A diagram of the piping connections 
is shown in Fig. 4 

The arrangement of equipment is shown in Fig. 5. The test 
section was imbedded in an open-top steel box filled with ex- 
panded vermiculite. A gas-fired furnace was installed in which 
the steam feed was heated to 1250 F maximum before admission 
to the test section. A desuperheater was provided for use in the 
cooling cycles. Thermocouples with recorders were provided for 
continuous temperature readings during the test. 

During the test, The first 5 
cycles were to simulate rapid heating, equivalent to the maximum 
heating rate observed in operation of the station piping, approxi- 
mately '/, deg per sec. The section was to be maintained at 1100 
F for | hr during each eycle and was to be cooled rapidly at ap- 


pieces 


100 thermal cycles were applied. 


proximately 0.6 deg per see by introducing boiler feedwater, 
simulating boiler-water carry-over conditions. The next 95 
were to simulate the maximum heating and cooling rates encoun- 
tered during normal start-up and shutdown periods, approxi- 
The test section was to be held at 1100 F, 
An additional overnight 


cycles 


mately deg per see. 


1500 psi for 1 hr during each cycle 


4’Metallurgy and Piping,’ Edison Electric Institute, Publications 
No. 50-10, February, 1951, and No, 52-13, 1953. 
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TABLE 1 CHEMICALS AND PHYSICALS OF TEST PIECES AND WELDS 


HEAT CHEMICALS PHYSICALS 
T 
PIECES |SPECIFICATION) MATERIAL | MnlP 1s lor] wi TENSILE YIELD psi. 
1,715 Normalize 


INLET CAP] F 3Cr - IMo — 2.36 103,000 73.500 | 200/51.9 


= 


h-e | F 3Cr- IMo | 1,550 Anneal 0.500] 0.026|0.029|0.300| 2.90 66,500 33,000 


-Fac F 18/8 Cb 1,950 Solulon |0.080/ 1.140}0.019|0.010 |0. 500 | 17.68 None None 
4 


d-i F 18/8 Cb | 1,950 Solution |0.08011.140 |0.019|0.010 |0.500| 17.68 None None 


I-b CC 18/8 MoCb 1,950 Soluti@h |0 0.930) 15.86 76,000 27,200 
= — 


b-a C 18/8 Cb 0.095} |.300/0.022 721 | 18.60 66,500 35,500 


— 


316+ Cb | C 18/6 Mech |,',950,Selution 940|0,019)0.016 0.716 | 6.90 69,600 38,500 


A2\3-T21 (a182)| F | 1,550 Anneal |0.100|0. 3.20 74,000 42,000 


TRANSITION gist 347 C 18/8Cb | 1,550 Apnea! |0.011 |0.400/ 18.50 dala\before Ses? 


A213-121(a182)| F 3Cr- 0.123 |0.417 036}0.016 1.050) 2.99)0. 97,800 70,000 


OUTLET CAP 


WOTES 


PREHEATIPOSTHEAT WELOS h¢q AFTER HEAT TREATMENT. 
w ILLE M Cr Ni 
| PRORGED fal ALL OTHERS AS WELDED. 


C+CAST h | 6215 | 600 |1,550 — |i. 66,400 — [31.3 
CC'CAST CENTRIFUGALLY 
2. FILLER RODS: 19/9 Cb 600 |1,350 0.068) 1.676 }0 20.04) 10.07 92,500 68,000 34.0 
htg Munex 19/9 Cb 70 |1,600 0.068] 1.676 017/0.005 © 469) 20.04)10.07 92,500 65,000 34.0 
edti Ancos 
b GEMBAAL ELECTRIC 9/9 WMal 1,000 | 1,350 )0.090|1 016|0.0050.858] 19.80] 8.28 110,000 75,000 | 350 
SSECOND WELD w 1347| 70 0.033 |1. 19.70) 9.60 101,500 — 
w i347| 70 0.092 | 20.10] 9.94 101, 500 — |290 
w 70 ).092 | 20.10) 9.94 101,500 — |290 
be 6215 p.120 0.240] 328) — 69,700 


WELO 


347 OVERLAY 347 OVERLAY 


PREHEAT F 600 600 NONE 1000 NONE NONE NONE 
POSTHEAT F 650 1380 1600 1350 NONE NONE 1600 


REPRESENTS FERRITIC SHOP WELDS 
AUSTENITIC FERRITIC SHOP WELD 
AUSTENITIC- SHOP & FIELO WELOS 


REPRESENTS “KELCALOY" TRANSITION PIECE 


Feamtic WELO 


Fia. 2) ARRANGEMENT oF Test Section lic. DisrriputinGc INTERNALS 
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control of the gas furnace. Pressure was controlled manually 
at the inlet and outlet of the test section. The heating-steam 
flow Was limited arbitrarily to 2000 Ib per hr maximum and was 
-ontrolled by a metering orifice 

Temperatures during a wele al cycle are shown in Figs. 6 and 
7, from which it may be noted that the maximum differential 
between the inside and outside wall during heating was 80 F 
and during cooling was 270 F. 


Intended rates of heating and cooling were somewhat exceeded, 
OuTLeT The maximum rate of heating was 0.5 deg per sec. The maximum 
rate of cooling during the first five cycles was 1.8 deg per see and 
the average was 0.48 deg per sec, The maximum rate of cooling for 
cycles No. 6 to 100, inclusive, was 0.8 deg per see and the average 
was 0.234 deg per sec. Heating rates at the start and at the 
finish of a heating period were low owing to the test section being 
full of water at the start and because of the decreasing tempera- 
ture differential between the test section and the inlet steam at 
the finish. 


Fie. 4 Dracram or CONNECTIONS Cooling of the test section was at times erratic because the 


Fia.5 ARRANGEMENT OF EQuIPMEN 


soak at 1000 F, 1500 psi was included during alternate cycles to feedwater and steam mixture was difficult to control, Feedwater 
simulate aging to a moderate extent. flow was increased as the test-section temperature decreased, At 

Cooling was controlled by injecting boiler feedwater into the 450 to 500 F the test section was cooled entirely by feedwater. At 
superheated steam. The temperature of the steam entering the 350 to 400 F, the feedwater was shut off and the condensate was 
test section was limited to a maximum of 1250 F by automatic admitted to cool down to 150 F. 
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The total cycling time for 100 cycles was 2803 hr of which 140 
hr were heating, 105 hr holding at 1100 F, 2456 hr holding at 
1000 F, and 102 hr cooling. 
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ISXAMINATION 


Before testing, welds in the section were radiographed to Boiler 
Code requirements and the surface of the section was examined 
by the red dye-fluid penetrant method. An ultrasonic inspection 
also was made, Ultrasonic inspection of the centrifugal casting 
was unsuccessful because of the large grain size. Some micro- 
fissures, Fig. 8, and star cracks, which were found, were not 
repaired in order to study the effect of thermal cycling upon them. 
Trepanned plugs were removed from all welds and examined. A 
few very small cracks were found in weld metal. 


Fic. 8 Typtcar MIcrorissures; 


The test section was examined with red dye after 5, 30, 76, and 
100 cycles. The section was inspected with ultrasonic flaw-dete 
tion equipment after five cycles. After 100 cycles, trepanne 
plugs were removed and examined. Typical macrographs « 
trepanned plugs are shown in Fig. 9. Ferrite and hardness values 
are shown in Table 2. 

RESULTS 


The following results were noted: 

1 No cracking was observed in any of the pieces which could 
be attributed to thermal cycling. 

2 Microfissures and star cracks visible at the start of the test 
did not propagate. 

3 A notch resulting from scaling on the ferritic side of the 
junctions between ferritic and austenitic materials was foun |, 
Fig. 10. No propagation of cracks from the notch appeared. 

4 No defects were found in the (Kelealoy) ferritic-austenitic 
transition piece other than the scaling previously mentioned. 

5 The centrifugal casting satisfactorily withstood the cycling; 
however, a band of shallow checking 0.03 in. deep on the outside 
surface and '/, in, wide was found adjacent to weld 7, Fig. 11. 
It could be removed readily by filing. The checking was not 
apparent after the 1900 F heat-treatment and its cause is not 
known. It may be a local progression from a raottle effect, 
which was observed on che outside surface in random locations, 
resulting from insufficient machining to remove the effects of the 
mold spray used for traction 


CONCLUSIONS AND FurrHER Tests 


Two cyclic heating and cooling tests of materials and welded 
joints used in the Sewaren piping installation have shown that 
failures will not oceur under conditions which may be encountere 1 
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FERRITE CONTENT AND HARDNESS OF WELDS 


(Readings taken on outside surface of welds.) 


TABLE 2 


Hardness - Brinell 


Ferrite Content 
After 
100 


After After 
Before 30 100 
Test Cycles Cycles 


After 
Before 30 


Cycles Cycles 


9.8 to 


215 to 
11.0 248 


197 to 
203 
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9(b) Typical Macro- 
GRAPH OF TREPANNED PLUG 
Arter Cyciine; X2 


Fig. 9(a) Typtca Macro- 
GRAPH OF TREPANNED PLUG 
Berore Cyciinc; x2 


in normal operation during periods representing a major portion 
of the unit’s life. Five years of operation on the first units in the 
plant itself have not resulted in failures of materials or welds in 
the piping systems which may be attributed to thermal cyeling. It 
is apparent that a condition more severe than subjecting test sec- 
tions in a free state to thermal cycling at the rates expected in 
operation is necessary to produce cracking or failure. It is in- 
tended, therefore, to continue cycling the section now under test 
with the application of external bending forces. Also under con- 
sideration is aging of the test section at some higher temperature, 
to simulate the condition of the piping after considerably more 
service 

Another possibility is to subject the test section to even greater 
thermal shock than heretofore until failure occurs. While these 
proposed tests are more severe than will be encountered in the 
actual piping installation, it is hoped that by this procedure it will 
be possible to evaluate ability of the various materials and joints 
included in the test section to withstand abnormal conditions 
which cannot be avoided entirely in the actual installation, and 
also possibly to indicate the effects of time and temperature under 
normal stress 


= 
eld 
b 13.9 to to 
17.5 10.1 
° - 8.9 to 205 to 197 204 
9.8 255 210 
Tee 4 4 2.1 to 0 5.3 to 229 - 190 to 
7.0 6.4 213 
5.6 4.2 237 
- 143 to 163 to 
7 177 
2.5 to 12.0 to 205 to 217 to 208 ta 
= 
i 
xs 


‘ 


& WEISBERG, SOLDAN- 


10 OxipatTion at Junction; 100 


CHECKING IN CENTRIFUGAL CASTING; 


ACKNOWLEDGMENTS 


The co-operation and helpful advice of Messrs. E. L. Robinson 
and A. W. Rankin of the General Electric Company, N. L 
Mochel of the Westinghouse Electric Corporation, W. B. Bunn of 
The M. W. Kellogg Company, and Dr. Schuh of United States 
Pipe and Foundry Company are acknowledged. The authors also 
are indebted to several associates in Public Service Electric and 
Gas Company, and particularly Mr. H. J. Robar, metallurgist, 
Maplewood Laboratory, for metallurgical examinations and inter- 
pretations, 


Appendix 


SoLuTion Heat-TREATMENT OF AUSTENITIC WELDS 


Laboratory tests indicate that a 1900 to 2000 F heat-treatment 
is beneficial in maintaining the impact resistance of welds in high- 
temperature service. It was therefore decided, after 30 cycles, 
to experiment with a 1900-F solution heat-treatment of one of the 
welds. Weld c was selected and heated to 1900 F with natural 
gas. 
The heating and cooling rates were 400 deg per hr up to 1100 F, 
hold for 2 hr; 270 deg per hr from 1100 to 1900 F, hold for 2 hr. 
The weld was cooled rapidly. (It is believed that the 1100 F hold 
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reduces the chance of developing cracks during heat-treatment. ) 

Owing to the narrowness of the heated band, the wall-tempera- 
ture gradient was excessive, i.e., 300 F. This was sufficient to 
produce stress rupture in the weld metal, resulting in cracks at 
the outer surface of the weld. No evidence of carburization due 
to the use of natural gas for the heat-treatment was found. 

The cracks consisted of an interrupted series of parallel lines, 
three or four wide, extending completely around the section in 
the weld metal. They were gouged out to a depth of #/, in. and 
rewelded with 19/9 Cb. The reweld was not heat-treated. 

In a second attempt, it was decided to solution heat-treat weld 
| (19/9 WMo) by eleetrie induction. Cooling coils were applied 
at the extremities of the windings to avoid possible sigmatization 
of adjacent joints. Heating rates for this treatment were: 300 
deg per hr up to 1100 F, hold for 2 hr; 600 deg per hr from 1100 to 
1900 F, hold 2 hr; cool rapidly. This method proved successful 
as shown by trepanned specimens removed for examination fol- 
lowing heat-treatment 


Discussion 


R. H. Caucnuey.’ By fostering a test program which subjects 
typical piping materials and welded joints to conditions approach- 
ing the service requirements of increased high-temperature and 
high-pressure steam encountered in modern electric-generating 
plants, the authors have contributed greatly to our knowledge of 
the behavior of certain of these materials. It is gratifying to 
learn that this program will be extended to include other possible 
service conditions and that a future report on added results may 
be expected. 

The behavior of weld joints composed of Type 347 stainless- 
steel deposits and wrought piping materials for steam-pipe serv- 
ice at temperatures of 1050 F and above has been under 
investigation by the writer's company in co-operation with Public 
Service of New Jersey service plants and certain of the turbine and 
electrode manufacturers, for the past several years. Particular 
interest has centered on the fact that satisfactory electrodes availa- 
ble up until now, in order to produce “crack-free’’ deposits, 
necessarily have been balanced, from a chemical-composition 
standpoint, to produce deposits which are “ferrite’’ bearing. How- 
ever, the more rapid conversion of ferrite than austenite in these 
deposits to a brittle “‘sigma’’ phase, as the result of aging at the 
higher steam temperatures, and the accompanying liability that 
the mechanical strength of the weld joints could be impaired soon 
became the chief concern. 

Objectively, therefore, efforts have been directed toward the 
development of improved electrode compositions which would 
deposit either fully austenitic welds or welds containing lesser 
amounts of ferrite, both of which would be insensitive to crack- 
ing. Also, and at the same time, practical postheat-treatments 
of weld joints which might inhibit sigma formations were 
explored.® 

One result of this work, as it relates to the results described in 
the present paper, showed that the relative levels of ferrite in 
weld deposits compared by magne gage techniques, both before 
and after exposure to elevated temperatures, was a reliable indica- 
tion of the progress of sigma formation, sigma being non- 
magnetic whereas ferrite is highly magnetic. By reference to 
Table 2 of the paper, wherein the residual ferrite after cycling is 
compared with the initial rating, it is noticeable that the ferrite 

§ Assistant Chief Metallurgist, The M. W. Kellogg Company, Jersey 
City, N. J. 

6“ Pabrication of Austenitic Stainless Steel Piping for Operation at 
1100 F,” by W. G. Benz and R,. H. Caughey, ASME paper No. 
53—SA-58, presented at the Semi-Annual Meeting, Los Angeles, 
Calif., June 28-July 2, 1953. 


4 
~ 
‘ 


« 


evidence has not changed markedly. It seems evident therefore 
that the approximate 2400-hr exposure at 1000 F has not been 
long enough to convert the ferrite completely to sigma; 
accordingly, embrittlement of the weld deposits to any serious 
degree probably has not resulted. 

This may be one explanation for the absence of any failure at 
this stage in testing. The results of any laboratory mechanical 
tests which the authors may have completed on each of the con- 
struction materials both before and after cycling should shed some 
light on this question. It is noted that the authors contemplate 
the application of an aging treatment at some higher temperature 
to simulate the conditions of the materials after extended service. 
In our opinion this is a step which should be taken to establish 
whether or not complete conversion of ferrite to sigma in austen- 
itic (and ferrite-bearing) weld joints may be expected to result in 
early failures. Comparative laboratory tests at this stage also 
would be important. 


L. F. Kootsrra.?” This paper constitutes a timely contribu- 
tion to a welding problem in power-plant engineering that has 
been of tremendous importance during the past several years. 
Of particular interest in the series of welds tested are those which 
make up the joints between dissimilar metals, in the sense that 
one of the members in these joints is ferritic and the other 
austenitic. 

This type of joint in some form or other will appear inevitably 
in high-temperature installations where austenitic materials are 
employed on the high-temperature end of the cycle. In general, 
they are more difficult to handle because of metallurgical dis- 
similarity as well as differences in coefficient of thermal expan- 
sion between these two types of steel. Representatives of these 
combinations are welds e and f in Fig. 2 of the paper. 

Thermal-cycling tests have been conducted by the writer's 
company continuously since 1947, These tests were reviewed in 
a progress report in 1950.* It might be of value to discuss the 
results obtained with those reported in the paper. 

Two types of tests are being conducted, namely, rotating- 
beam fatigue tests on full-size joints in superheater tubes, and the 
other, thermal cycles on a 10%/,-in-diam steam pipe simulating 
service-operating cycles. 

The rotating-beam fatigue tests constitute a rather severe 
stress cycle at constant operating temperature, with a frequency 
of about 350 cycles per min (epm), where the thermal simulated 
service cycle on the 10*/,-in-diam pipe was conducted at a rate of 
1 thermal cycle a week —5 days at operating temperature of 1100 
F and 2 days for cooling, inspection, and reheating. The re- 
sults are widely different. Where the tube joints in the rotating- 
beam test can withstand hundreds of thousands, sometimes 
millions of cycles, the dissimilar-weld joint in the simulated-serv- 
ice test failed after 47 full weekly cycles. The difference in 
these results can be attributed largely to the extended time at 
temperature for the simulated service test, which will promote 
plastic deformation at the interface between the dissimilar metals. 
During the holding cycle at maximum temperature, plastic 
deformation will take place as a result of creep. In the cooling 
part of the cycle this plastic deformation may be reversed by 


7 Superintendent of Materials Development, Research Center, The 
Babcock & Wilcox Company, Alliance, Ohio. Mem. ASME. 

5 Progress reports on this work were presented at the 53rd Annual 
Meeting of the ASTM at Atlantic City, N. J., June 26-30, 1950. 

“Some Considerations in the Joining of Dissimilar Metals for High- 
Temperature, High-Pressure Service,” by O. R. Carpenter, 
Jesson, J. L. Oberg, and R, D. Wylie, Proceedings of the ASTM, 
vol. 50, 1950, pp. 809-860. 

“Welds Between Dissimilar Alloys in Full Size Steam Piping,” by 
R. U. Blaser, F. Eberle, and J. T. Tucker, Jr., Proceedings of the 
ASTM, vol. 50, 1950, pp. 789-808. 
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yielding at or near room temperature. This severe treatment 
produces failure in the weakest (ferritic) metal at the interface. 

If the holding time at operating temperature is too short to 
allow for creep to progress to any great extent or the temperature 
is so low that relaxation due to creep is insignificant, no reversi- 
ble plastic deformation takes place and strains in the joint will 
remain largely elastic. Although the thermal cycle described in 
the paper closely approaches the weekly simulated-service cycle, 
the holding time at maximum temperature of 1100 F was only 1 
hr. When the holding time was more extensive the temperature 
level was reduced to 1000 F so that the two principal factors 
inducing failure did not coincide. 

It is believed that the longer cycling life exhibited by the welds 
described in the paper as compared with that of the weekly 
thermal cycle can be attributed to this fundamental difference. 

As the authors are contemplating further and more severe tests 
it would be interesting to determine what the effect of a longer 
holding time at 1100 F would have on the cycling life of the dis- 
similar-metals joints. If any metallurgical investigation is made 
of the various welds after the cycling tests have been completed, 
a series of microphotographs of typical sections would be a valua- 
ble addition to the data presented. 


A. W. Ranxin.® This paper, together with the preceding com- 
panion paper,® represents a valuable contribution to our know]l- 
edge of the performance of welded joints at the current high tem- 
peratures of the power-generation industry. Testing of this type, 
involving as it does a considerable expenditure in time and money, 
is necessary if our industry is to proceed to higher temperature 
levels. 

That no cracking was observed in any of the components which 
could be attributed to the thermal cycling and that the initial 
microfissures and star cracks did not propagate even under the 
severe test conditions described in this paper indicates that these 
materials and welding joints are inherently capable of reliable 
operation. That cracking in service has been encountered, how- 
ever, indicates that the specific and severe test conditions neces- 
sary to duplicate actual service have not yet been introduced, and 
the authors should be encouraged to proceed with further tests 
to simulate both bending stress and time-temperature aging. 
Thermal shocks could be used of sufficient severity to produce 
weldment cracking, but the results of such tests would be difficult 
of interpretation since the thermal shocks already employed are 
sufficiently severe to represent any normally encountered in 
service. 

The 1950 F postweld treatment of austenitic welds described in 
the Appendix has shown considerable promise in minimizing the 
deleterious effects of sigma formation. By utilizing a low-ferrite 
electrode in conjunction with 1950 F treatment not only is the 
amount of ferrite in the weld deposit considerably reduced in 
actual magnitude, but that which is present is essentially sphe- 
roidized by the 1950 F treatment so that its conversion to sigma 
cannot seriously affect the properties of the weld deposit. Room- 
temperature keyhole charpy tests of some type 347 weld deposits 
illustrate the value of this newly developed procedure. A 347 
weld deposit of normal ferrite content with no postweld treatment 
initially had 12 per cent ferrite and 28 ft-lb charpy; after ex- 
posure to 1200 F for 300 hr the charpy had dropped to 7 ft-lb. A 
347 weld deposit made with the low-ferrite electrodes and the 1950 
F postweld treatment initially had approximately 3 per cent fer- 
rite and 35 ft-lb charpy; after exposure to 1200 F for 6400-hr, the 
charpy value was still 24 ft-lb. 

The changes in Brinell values which occur in austenitic weld de- 
posits after long-time high-temperature exposure can be difficult 

* Turbine Structural Engineer, Large Steam Turbine-Generator 
Department, General Electric Co., Schenectady, N.Y. Mem. ASME 
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WEISBERG, SOLDAN 
of interpretation. Since the hardness is basically due to the sigma 
formation, and since this occurs only in the small percentage of 
ferrite present, a Brinell reading may not give a clear picture 
since it tends to give an average of the hardness of the sigma 
formed and the hardness of the grains themselves. Accordingly, a 
significant hardening of the ferrite constituents may be masked 
by the relative lack of hardening of the matrix. 

With respect to austenitic-to-ferritic welds, the writer’s com- 
pany has conducted relatively long cycling tests on three such 
welds. Neither steam pressure nor bending stresses were em- 
ployed in these cycling tests, but the temperature was cycled be- 
tween 300 and 1100 F for a total of 254 cycles. During the last 
130 cycles, a hold of 6 hours was maintained at both the 300 
and 1100 F levels. These welds were between pipe stubs of Type 
347 and 2'/, chrome—1 molybdenum with an outside diameter of 
143/s in. and a wall thickness of 3 in. 
2'/, chrome—1 molybdenum, and this cracked severely on the 
austenitic side of the weld deposit after only 50 cycles; a second 
weld deposit was of Type 347 (1160 F postweld treatment, nor- 
mal-ferrite electrode), and after 191 cycles, a crack of only 0.020 
in. depth appeared on the ferritic side of the weld deposit; a 
third weld deposit was of Inconel, and this showed no defects 
whatsoever after the entire 254 cycles. All these three welds were 
austenitic-to-ferritic joints, and the Inconel deposit was em- 
ployed because it has both superior high-temperature properties 
and a coefficient of expansion matching that of the ferritic steel. 
The minor cracking which was noted in the 347 weld deposit in- 


One weld deposit was of 


dicates that such welds should give many vears of reliable service; 


our field experience to date on a number of such welds made with 


this procedure supports this expectation. 

As a matter of interest to the power-generation industry, part of 
the program being conducted by the writer’s company on austeni- 
tic weldments in general, is an investigation into the hot-shortness 
of some of the austenitic steels at the welding temperatures. Such 
hot-shortness may be one of the primary causes for the cracking 
which sometimes occurs in cast base materials, during the weld- 
ing operation, adjacent to the weld deposit. It is planned that 
these results will be made available to the industry as soon as this 
investigation has proceeded to a point at which significant results 
are being obtained. 
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Mr. Caughey’s suggestion that the test section be aged at 
elevated temperatures to promote the formation of sigma and 
more closely simulate the effects of service in the actual piping 
system is considered part of the test program. Aging is expected 
to follow the second phase of the test in which the test section 
will be subjected to external bending stresses in addition to 
thermocycling stresses. At the conclusion of the test, complete 
mechanical and metallurgical tests will be made. 

It is proposed to apply bending stresses during the next 50 
cycles equal to the maximum stress value permitted by the ASME 
Boiler Code for type 347 material. 

If failure does not occur, it is then proposed to apply bending 
stresses comparable with the maximum combined bending- 
stress value permitted by the proposed revision to the ASA 
Piping Code. 

Mr. Kooistra’s comparison with the Babcock & Wilcox tests 
is interesting and it is our intention in the second phase of the 
tests, by altering the heating equipment, to hold the test section 
at 1100 F for longer periods, more closely simulating actual serv- 
ice conditions, 

Mr. Rankin’s observations concerning the beneficial effects 
resulting from 1950 F postheat-treatment of austenitic weld- 
ments are in agreement with our tests. Correlation of the physi- 
cal properties and microstructure of the parts which cracked 
during the General Electric cyclic tests, with the cracking ecur- 
rently observed in the parent-metal heat-affected zones of entire 
type 347 weldments, both prior to and following service, would 
be interesting. 

The investigation, which the General Electric Company is now 
conducting, to determine the cause of cracking in the heat- 
affected zones of austenitic weldments is most opportune. It 
appears that weld-metal deposits as now made with low-ferrite 
electrodes, and close control of the silicon-carbon and colum- 
bium-carbon ratios and with additional manganese, are better 
able to withstand the effects of welding, heat-treatment, and serv- 
ice conditions than is the parent metal. If cracking is due to 
hot-shortness in type 347 cast or wrought base metal as postu- 
lated, modification in the chemistry of the base metal for appli- 
cation in high-temperature-pressure steam-turbine parts and 
piping should be considered. 
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The use of higher steam temperatures in central-station 
generating plants has required the manufacturer of 
power-boiler equipment to use austenitic chromium- 
nickel steels for the outlet sections of the superheater 
where metal temperatures are in the order of 1200-1250 F. 
Since these tubular materials must be fabricated by 
welding, The Babcock & Wilcox Company has been con- 
ducting a test program on the high-temperature strength 
of chromium-nickel stainless-steel welded joints. The 
first work to be completed is data on the strength of all- 
weld-metal coupons of eleven compositions of commercial 
stainless-steel weld deposits. It is hoped that the data in 
this report, together with those presented in subsequent 
discussion by other industrial organizations, will serve as 
a guide to the Subcommittee on Stress Allowances for 
Ferrous Materials of the ASME Boiler Code Committee in 
the selection of allowable stresses for the chromium-nickel 


D. WYLIE,'C. 


stainless steels. 


INTRODUCTION 


entral-station power-boiler equipment, the outlet-steam 
temperatures and pressures have been raised consistently in 
recent years in order to increase the efficiency of power pro- 
duction, Boilers in operation at the present time deliver super- 
heated steam to the turbine at 1050 F and 2300 psi pressure. 
Installations are being built with 1100 F steam temperature, and, 
in the future, when higher-strength tube materials are available, 
units delivering steam at 1200 F may be possible. With this in- 
crease in outlet steam temperature, it has been necessary to use 
high-strength austenitic-alloy tubing for the outlet ends of the 
superheater. Superheater-metal temperatures are now in the 
range of 1200-1250 F, and in the 1100-1150 F steam units are pre- 
dicted to be 1300-1400 F. 

Many investigators, foreseeing the need for high-temperature- 
strength data on wrought austenitic alloys, have been performing 
creep-rupture tests on these materials for many years. The 
ASME Subcommittee for Allowable Stresses has collected suffi- 
cient data to establish design stresses for most wrought austenitic 
alloys, and additional data are still being obtained. Since these 
materials are employed in tubular form and are joined together 
by welding in the construction of superheaters, The Babcock & 
Wilcox Company, in 1949, undertook a comprehensive program at 
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both the Works Control Labor: atory in Barberton, Ohio, and the — 
Research and Development Center in Alliance, Ohio, to deter-_ 
mine the high-temperature strength of stainless-steel weld de-_ 
posits as produced and used at the present time. 

The selection of electrodes for welding austenitic alloys is 
usually governed by the analysis of the base material. For weld-_ 
ing the 18Cr-8 Ni type alloys, a 19 Cr-9 Ni electrode is used — 
which normally deposits a partially ferritic weld. A small 
amount of delta ferrite has been found necessary to produce sound 
weld deposits at 0.08 maximum carbon content. For welding — 
the titanium- and columbium-stabilized alloys of the 18 Cr- 
8 Ni type, 19 Cr-9 Ni-Cb electrodes usually are employed, since 
the columbium in the coating is transferred through the are in 
sufficient quantities to insure a stabilized weld deposit. Another 
popular stainless-steel electrode is 25 Cr-20 Ni which hes been — 
used extensively for welding stainless steels of all types and in 
many cases for joining hardenable ferritic materials, 

In addition to the electrodes just discussed, the following weld- 
metal compositions were included in this investigation: 


(1) 19 Cr-9 Ni-LC 

(2) 19 Cr-9 Ni-Cb-Ta 

(3) 19 Cr-9 Ni-DW 

(4) 18 Cr-12 Ni-3 Mo 

() 
(7) 25 Cr-20 Ni-Cb Jaglt 


Some of these materials may be satisfactory for service at metal 
temperatures of 1300-1400 F, such as the extra- 
low-carbon grades, may find use in special applications, The 
actual chemical analyses of the weld deposits are presented in - ; 
Table 1. 


whereas others, 


TestinGc PRocepuRre 


The tests to be described in this paper were made on nondilu-— " 
tion all-weld-metal pads produced by depositing multilayer pads — 7 
of weld-metal on a base plate. From these pads two types of — - 
stress-rupture specimens were prepared, One type, employed by — 7 
the Alliance Research Laboratory is shown in Fig. I(a). The — : 
specimens were prepared so that the direction of applied stress — 
in the rupture test would be normal to the direction of weld-bead 7 an 


This would represent the direction of the major — 


deposition. 
stress axis in a longitudinal weld seam in a drum or header or in a 
The specimen was machined with a 0.252-in. reduced : 
diameter, The other specimen, used by the Barberton Labora- 

tory, is illustrated in Fig. 1(b). 
such a manner that the direction of applied stress would be paral- 

lel to the direction of weld-bead deposition, This would repre- 

sent the direction of major stress in a circumferential tube or— 
The specimen used fer these tests was machined — 
A summary of welding pro- — 


seal weld. 


This specimen was prepared in — 


pipe weld. 
with « 0.505-in. reduced diameter. 
cedures used in preparing the weld pads for this examination is — 
given in Table 2. Most of the electrodes used in this investiga-— 
tion were commercial-quality welding rods 

The stress-rupture tests described in this report were made by 
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ad TABLE 1 CHEMICAL ANALYSES OF DEPOSITED WELD METAI 


Labo- ib cr 
19Cr-9N4 A 


1.62 
0.49 
19Cr-9N1i LO 


2.23 
19Cr-9N1i Cb 


1.02 0.16 
1.62 9. 
1.81 
19Cr-9N1i Cb Ta 
19Cr-9Ni DW 


0.52 
2.20 1.06 
1.61 
18Cr-12Ni-3Mo 


1.60 


1.08 


1.97 
222 2.10 


18Cr-12Ni-3Mo LC 
18Cr-12Ni-3Mo Cb 
25Cr=-20N1i 


25Cr-20N1i 


Manufacturer Arcos Arcos Chramend KLC 
Heat No. E1874R308 


Process No. D124717 - 54917-2 
Electrode Dia. 
Current 


Preheat 
Interpass Temp. 


Electrode 
Material 


Manufacturer Arcos 

Process No. pa 

Plectrode Dia. 1/8 & 5/32 7/32 
Current 90 - 90 125 


Preheat poe 
Interpass Temp. 350 


Manufacturer Baw B&éW Arcoge Arcos Arcoa 

Heat No. B2HT1890 - - D1552L310 
Flectrode Diameter | 3/16 1/8 
Current eon 90 85 

Preheat 70 - 70 


J 

3:08 - - - - 
19.77 10.57 - - - 

20.79 7.98 1.21 1.49 62 | 

0 -19 18.62 13.28 1.70 - - 
TABLE 2 SUMMARY OF WELDING-PROCEDURE DATA "3 th: =. 
875 
5/32 

350 50 ‘ 3000 
A B A B Cc 
romend Arcos Chromend KMoLC 
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hic. l(a) Specimen Taken 


PROPERTIES. —Fe-Cr-Ni WELD DEPOSITS 


!. : bic. 1(b) 


The tests at 
Laboratory were made in the 12-station miultiple-unit stress- 


the two co-operating laboratories. the Alliance 


rupture machines. These facilities recently were described (1).4 
The tests at Barberton were made in single-station units with a 
constant-input type of power control. 

The tests were conducted at several temperatures selected with 
respect to the intended operation. The principal test tempera- 
ture employed was 1200 F. The duration of the longest test at 
each temperature is listed in Table 3 
continued for longer than 10,000 hr. 
the company in studying the high-temperature properties of the 


Many of these tests were 
This reflects the policy of 


materials used for steam generation with long-time creep and 
stress-rupture tests, 

The data obtained in these tests were plotted on logarithmic 
co-ordinate chart paper. From these charts values were selected 
for the stress to produce rupture in 100, 1000, and 10,000 hr. 


* Numbers in parentheses refer to the Bibliography at the end of 
the paper 


Specimen Taken to Direction or Bevps 


The fractured specimens were examined metallographically for 
structural changes which may have occurred during tests. These 
studies were supplemented by magnetic permeability and Vickers 
These 
tests were used to determine the extent and, in certain cases, the 


hardness tests on many of the compositions investigated. 


rate of structural transformations brought about by long-time 
exposure to elevated temperatures under stress, 
PRESENTATION OF Data 

The test data obtained on the weld-metal compositions investi- 
gated are plotted in Figs. 2 to 12. There was perhaps more 
scatter experienced in these tests than generally encountered in 
This 
may be due partly to the less homogeneous nature of the de- 


wrought materials of corresponding chemical analysis. 


posited weld metal. A tabulation of stress to produce rupture in 
100, 1000, and 10,000 hr is given in Table 3. As a matter of 
further interest, a column was added to this table showing the 
percentage of elongation obtained at rupture for the longest test, 
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TABLE 3 


Test 
Temp 
1050 
1200 


35 5500 


19Cr-981 LO 
19;500 


19Cr-9Ni Cb 
1200 
1500 


1200 
1350 
1500 


18Cr-8N1i-CbTa 
19Cr-9Ni DW 
18Cr-12N1i Mo 


31,000 


1200 
1350 


1200 
1350 


1050 
1200 


1050 
1200 
1350 


1500 
1050 
1200 


18Cr-12Ni-Mo-LC 


18Cr-12Ni-Mo Cb 


25Cr-20Ni Baw 


25Cr-20N1 Arcos 


25Cr-20N1 Cb 


*Unable to measure ductility 


CHEMICAL COMPOSIT! 


Fic, 2) Srress-Rurrure Curves ror 19 Cr-9 Ni 
These materials exhibited very low rupture ductility in the long- 
time tests, which appears to be a characteristic of the austenitic 
weld metals. A companion column was added showing compa- 
rable ductility values for rupture-test specimens of wrought mate- 
rials of similar chemical composition and approximately the 
same rupture time. Where enough data were available to in- 
dicate the extent of scatter, this was indicated on the chart by a 
shaded band. As an example, reference is made to Fig. 2 which 
is the charted data for unstablized 19 Cr-9 Ni weld depoats. 
The area between the curves has been shaded to indicate varia- 
tions in strength which have been observed in this material 
tested at 1200 F. 

If enough test data had been available on each of the materials 
tested, it is believed that all of the curves would have been rep- 
resented by such a scatter band 


Stress for Rupture in Times Indicated 


36,000 28 ,000 20 ,000 
21,000-24,000 14,206-18,000 7,860-13,000 


55 ,000 44,000 27,000 
29 ,000-35,000 21,006-25,000 16,060-18,000 


SUMMARY OF STRESS-RUPTURE DATA FOR DEPOSITED WELD METALS 


Duration # Bl. in 
of Long- 
eat Zest 


Similar 


2" of Long- Value for 


20 , 500 
9,000 


4,328.0 
16,354.3 
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CHEMICAL COMPOSITION 
c 6S cr 
102 6 977 057 


RUPTURE TIME -HOURS 


100 10,000 


Fic. Stress-Ruprure Curves ror 19Cr-9N1 (Low-Carpon) 


A comparison of the rupture strength of the weld metals with 
wrought products of similar composition is shown in Fig. 13. 
The information on the wrought material was taken from various 
sources given in the Bibliography (2, 3, 4), as well as from un- 
published data obtained by the company. It can be seen from 
this chart that most weld deposits are weaker than the equivalent 
wrought material. The columbium-stabilized weld metals ap- 
peared to be the principal exception to this. 

The strengths of the weld metals investigated are compared in 
Table 4. The metals are listed at each test temperature em- 
ployed in order of decreasing stress-rupture strength. The strong- 
est weld metals at each temperature were those stabilized with 
columbium and the weakest was 25 Cr-20 Ni. The extra-low- 
carbon grades of weld deposit were weaker at 1100 F than the 


’ Material Hrs, _1000 Hra, _10,000 Hra. Wrought, Stee) 
— 5,921.0 14.5 
— 
6,928.0 16.0 
3,300 
igs 28 ,000 19,500 10,500 3,592.0 38.0 
12,500 7,200 3,100 3,427.8 22.0 
6,000 3,000 23100 14/055.6 41.0 
22 ,000 16,500 7,700 5,192.2 18.0 
P 16000 8,600 25020.3 31.5 
— 39,500 27 500 16 ,500 4,704.8 
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same analysis at standard carbon levels. This is also true for the 


extra-low-carbon wrought metals. 


MeTALLURGICAL CONSIDERATIONS 

The factors affecting the strength of a weld deposit at a 
given temperature are chemical composition, soundness of the 
deposited weld metal, and metallurgical structure. 

The effect of chemical composition was discussed briefly in the 
The principal strengthening elements appear 
to be carbon and columbium or tantalum. The chromium and 
nickel contents appear to be important in maintaining the weld- 
metal balance and, together with carbon content, govern the 


preceding section, 


amount of ferrite in the weld deposit. 

The soundness of the austenitic weld deposits has been a sub- 
ject of much research by the manufacturers and users of stain- 
leas-steel electrodes and there have been several technical papers 
written on the subject (5, 6, 7, 8). It is obvious that unless the 
weld metal is sound it will not have consistent stress-rupture 
properties. The soundness of the weld depends largely upon 
welding procedure, weld-metal analysis, and electrode coating 
Defects such as entrapped slag, porosity, 
microfissuring, and crater-cracking, if not eliminated may 
produce poor high-temperature strength. The welds used in this 
investigation were made with high-quality electrodes with the 
chemistry such as to insure freedom from microfissuring. In 


characteristics. 


order to eliminate crater-cracking the pads were made so that 
the stops and starts would be discarded when the samples were 
prepared for testing 

The microstructure of the weld deposit is the third criterion 
affecting the sustained high-temperature strength. In order to 
produce sound weld deposits of the 19 Cr-9 Ni type it is the 
usual practice to balance the composition of the weld metal to 
produce 2 to 6 per cent delta ferrite in the microstructure. At 
temperatures in the range of 1100-1600 F this ferrite may trans- 
form to sigma phase and affect the high-temperature properties. 
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Sigma phase also may form in totally austenitic weld deposits 
such as 25 Cr-20 Ni. In both of these cases the particle size and 
distribution is a factor in determining the high-temperature 
strength. The presence of carbides and their size and distribu- 
tion also may affect high-temperature strength of weld deposits. 

The data presented in Table 5 illustrate the effect of aging 
treatments on 19 Cr-9 Ni-Cb and 25 Cr-20 Ni weld deposits and 
may reflect to some extent the influence of carbide precipitation 
and sigma-phase formation on the stress-rupture strength of 
these weld metals at 1200 F. For these tests weld-metal samples 
were used which had been aged for 100 hr at 1250 F, 1350 F, 
1450 F, 1550 F, and 1650 F. Other samples were heat-treated 
at 1600 F for 5 hr, and 1750 F for | hr, which were representa- 
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tive of two shop stress-relieving heat-treatments. 
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heat-treatments, the samples were tested at 1200 F at a uniform 
stress level selected for each material. 

It appears from these data that the transformations which 
occurred in the 19 Cr-9 Ni-Cb weld deposits during the 100-hr 
aging cycle at temperatures up to 1550 F did not produce a drop 
in stress-rupture strength. Aging at 1650 F, however, produced 
a sharp decrease in strength. The results obtained on the stress- 
relieved samples indicated that the original shop heat-treatment 
is important. For example, a 1750 F stress-relieving heat-treat- 
ment increased the rupture time at the same stress level when 
compared with the as-welded condition 

The 25 Cr-20 Ni weld deposits, on the other hand, reacted in a 
different manner from that described for the 19 Cr-9 Ni-Cb weld 
deposits. Aging at 1350 F and 1450 F for 100 hr resulted in a 
sharp drop in rupture life, indicating that the type of precipita- 
tion which occurred as a result of these aging treatments was 
detrimental to the high-temperature properties. It is believed 
that the formation of intergranular sigma phase at these tem- 
peratures produced this condition. The carbide precipitation 
which occurred at 1250 F and 1550 F and above appeared to be 
beneficial. 

It would appear that sigma phase when present in isolated is- 
lands as in the ease of 19 Cr-9 Ni-Cb, is not as detrimental! to 
high-temperature strength as when it is distributed as an inter- 
granular precipitate. 

In order to study the significant transformation which oc- 
curred during the tests the fractured specimens were subjected to 
microscopic examination, hardness tests, and magnetic perme- 
ability measurements. A group of these fractured specimens is 
shown in Fig. 14. A common characteristic of all of these weld 
deposits is the lack of ductility at high temperature even in short- 
time tests. It will be noted that many of the specimens are 
broken in more than one location. This resulted from either (a) 
initiation of failure at a secondary location so that the piece 
broke off during removal from the furnace, or (b) severe sigma 
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embrittlement of the specimens during testing, resulting in the 
specimen breaking after the completion of the test. In the former 
case the secondary rupture surface was almost completely oxi- 
dized, while in the latter case it was entirely bright. 

The microstructures of representative alloys which were sub- 
jected to the longest stress-rupture time are shown in Figs. 15 
to 22. It will be noted that there is a considerable difference 
between the various austenitic alloys with respect to the effect 
of time at temperature on microstructural transformations. 
For example, the structural changes in 19 Cr-9 Ni (Fig. 15) and 
19Cr-9 Ni-LC (Fig. 16) are comparatively simple, involving 
primarily a precipitation of chromium carbides around the fer- 
rite islands and minor amounts of sigma phase formed from the 
delta ferrite, in situ. On the other hand, the structure of 18 Cr- 
12 Ni-3 Mo-Cb (Fig. 20) and 25 Cr-20 Ni-Ch (Fig. 22) contain both 
alloy carbides and sigma phase which renders separate metallo- 
graphic identification difficult. 

To substantiate the effect of the mode of occurrence of sigma 
phase on strength, compare the structures of 18 Cr-8 Ni-3 Mo 
(Fig. 19) and 25 Cr-20 Ni (Fig. 21) both of which had relatively 
low strength with that of 19 Cr-9 Ni-Cb and 19 Cr-9 Ni-Cb-Ta 
shown in Figs. 17 and 18. The fine intergranular pattern present 
in the 18 Cr-12 Ni-3 Mo and the massive sigma formed in the 
25 Cr-20 Ni appear to result in a decrease in strength, whereas 
the smaller, more isolated islands in the 19 Cr-9 Ni-Cb and 19 
Cr-9 Ni-Cb-Ta do not affect the high-temperature strength. 

Weld deposits by nature do not have a homogeneous micro- 
structure. A typical example of the structure which may exist 
in different locations in a weld deposit is shown in Figs. 23 and 24. 
It may be noted that the shape, particle size, and distribution of 
the carbide phase is considerably different in the two weld beads 
represented by Fig. 24. Metallographic observations were sup- 
plemented with magnetic-permeability measurements and 
Vickers hardness surveys, which are summarized in Table 6. 
From these one may make several interesting observations: 
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PABLE 6 ~MAGNETIC PERMEABILITY AND VICKERS HARDNESS SURVEY OF STRESS-RUPTURE 
SPECIMEN 


Test Vickers 


Length of Magnetic 
= 


Material 


19Cr-9N1i 260 
271 


258 
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232 


None 
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1 The magnetic-permeability data indicate that the higher 


the test temperature for the testing periods used in this investi- 


gation, the more complete appears to be the transformation of 
delta ferrite to a nonmagnetic phase; i.e., either sigma or austen- 
ite. 

2 Weld deposits stabilized with columbium form sigma phase 
more rapidly and more completely from the delta ferrite than 
unstabilized deposits. This is reflected in the high hardness 
values of the stabilized materials as compared with those for the 
low-carbon or standard grades. 

3  Unstabilized weld deposits of low carbon content exhibit 
no tendency for age hardening at the temperatures and for the 


test durations employed in this investigation. They also show a 
- level of hardness than alloys with normal carbon content. 


4 The stabilized deposits exhibit a higher hardness in both 
This is believed to be the 
result of a strengthening of the matrix solid solution as wel! as the 


the as-welded condition and after test. 


mode of precipitation of sigma phase and carbides. 

5 High room-temperature hardness is not always a,sociated 
with good stress-rupture properties. For example, 25 Cr-20 Ni 
shows high hardness values, but poor stress-rupture strength. 


In order to illustrate the observed transformations more clearly, 
two alloys were chosen for more detailed discussion. The charts 
in Figs. 25 and 26 show the effect of increased rupture time at 
each of two test temperatures on the magnetie properties and 


Vickers hardness of 19 Cr-9 Ni-Cb weld deposits. These studies — 
indicate that, in addition to the observations mentioned pre-— 
viously, the magnetic transformations which do occur take place — 
largely within the first 1000 hr of test. Variations in herenew 
follow the pattern of the aging precipitates. The aging phenom- | 
ena in these materials are complicated by such factors as weld- 
ing procedure, alloy composition, test temperature, applied 
stress, and nonhomogeneity in the weld deposit, | 7 
CONCLUSIONS 

The data presented on the high-temperature properties of 
stainless-steel weld deposits indicate that weld metals have, in — 
general, lower rupture strength than wrought materials of corre-_ 
sponding chemical analysis, particularly at temperatures above 
1200 F 
ter stress-rupture properties than those without columbium 
Additional work appears to be necessary to develop welding 
electrodes suitable for use at temperatures above 1200 F. 

The test data show that austenitic weld deposits exhibit low 


Deposits which were columbium-stabilized showed bet- 


rupture ductility at elevated temperatures as compared with 
corresponding wrought The significance of this 
with regard to service requirements is not clear at this time 


materials, 


Recent testing has shown that there may be some possibility of 
improving the rupture ductility particularly in short-time tests 
by chemical and structural modifications of the austenitic mate- 
rials 
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A testing program for evaluating the high-temperature strength 
and the residual room-temperature mechanical properties after 
exposure at elevated temperatures of austenitic welded joints is 
now being conducted in the company’s laboratories. The data 
presented in this paper represent the first progress report of this 
program, 

It is hoped that the data in this report, together with those 
presented in subsequent discussion by other organizations, will 
serve as a guide to the Subcommittee on Stress Allowances for 
Ferrous Materials of the ASME Boiler Code Committee in the 
selection of allowable stresses for the chromium-nicke] stainless 


The authors wish to acknowledge the assistance of the many 
persons in The Babcock & Wilcox Company organization who 
aided in the testing program, and in the preparation and editing 

of the manuscript. 


steels, 
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Discussion 


W. L. FieiscuMann.* The authors are to be commended for 
this excellent paper on the high-temperature strength of austenitic 
weld deposits which will be referred to by many engineers, for, to 
the writer’s knowledge, this paper is the only comprehensive study 
in its field. 

At the Knolls Atomic Power Laboratory we have obtained 
data on Type 347 stainless-steel weld deposits which may be of 
interest as a supplement. 

The deposits from which the KAPL all-weld specimens were 
machined were laid down as butt welds between two !/2-in-thick 
plates. These plates were held down by fillet welds on a 2'/¢- 
in-thick stainless-steel plate. Thus the weld deposit was sub- 
jected to a greater restraint than the authors’ samples machined 
from weld pads. Other welding conditions—interpass tempera- 
ture, electrode size (°/3: in. diam) and welding current—were 
nearly identical. ‘ 

The composition of the deposit was as follows: 0.066 C, 1.60 
Mn, 0.029 8, 0.025 P, 0.40 Si, 9.74 Ni, 20.4 Cr, 0.71 per cent 
Cb plus Ta. 


* Metallurgical Engineer, Knolls Atomic Power Laboratory, Sche- 
nectady, N. Y. Mem. ASME. The Knolls Atomic Power Labora- 
tory is operated for the United States Atomic Energy Commission 
by the General Electric Company under Contract No, W-31-109 
Eng-52, 
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The data of the KAPL rupture 
discussion. 

The test temperatures and stresses of the KAPL test were 
selected to allow the construction of the rupture-stress curve as 
a function of the Larson-Miller parameter.?| The presentation 
of the rupture data in this form has the advantage of permitting 
comparison of rupture results even when the tests were conducted 
at other temperatures. Since in this paper the rupture strength 
of the tantalum-free Type 347 weld deposit is given for two tem- 
peratures, the data on this deposit were listed in the table for 
comparison in preference to those of the Cb-Ta type. 


TABLE 7 STRESS-RUPTURE DATA FOR TYPE 347 STAINLESS- 


STEEL WELD DEPOSITS 
Red. 
area, 
per cent Parameter 


Temp, Hours 
to 


rupture Source 


16-18 


The low ductility exhibited iy ts el deposits in the B&W 
tests is confirmed by our results. Perhaps of greatest interest 
is the agreement between the KAPL curve and the authors’ 
stress-rupture values for 1000 and 10,000 hr at 1050 and 1200 F, 
taken from their Table 3, with the exception of the 10,000-hr 
rupture strength at 1050 F for which the authors claim only a 
value of 27,000 psi. This is shown graphically in Fig. 27 of this 
discussion, 
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From a designer's point of view it is gratifying to know that a 
sound weld deposit possesses reproducible high-temperature 
properties. That the time-saving procedure made possible by 
the use of the time-temperature parameter gives such good 
agreement with data extrapolated in the conventional manner, 
appears to be important, as it adds some more evidence in favor of 
Thus its use should be en- 
couraged to obtain the necessary high-temperature data of the 
many heat-resistant alloys. 


the accelerated testing procedure. 


R. D. Tuomas, Jr. We are indeed pleased to see this valuable 
contribution to the knowledge of the properties of weld metals 


* The rupture test was conducted at the Materials and Processes 
Laboratory of the Turbine Division, General Electric Company, under 
the supervision of Mr. R. F. Gill. 

7“A Time-Temperature Relationship for Rupture and Creep 
Stresses,"’ by F. R. Larson and James Miller, Trans. ASME, vol. 74, 
1952, pp. 765-775. 

* Arcos Corporation, Philadelphia, Pa. 
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WYLIE, COREY, LEYDA- 
which are used in high-temperature high-pressure service. We 
were particularly impressed by the time duration of some of the 
tests which revealed inflection points in the stress-rupture curves 
of certain compositions. The revelation of these inflection points 
may well prevent “underdesign’’ which easily could result from 
the extrapolation of curves from short-time tests. 

In a joint program with the International Nickel Company, 
we have made some comparatively short-time stress-rupture tests 
on four of the weld-metal compositions reported by the authors, 
namely, 19 Cr-9 Ni-Cb, 19 Cr-9 Ni-Cb-Ta, 18 Cr-12 Ni-Mo, and 
19 Cr-12 Ni-Mo-Cb. For simplification in comparing the 
authors’ results with the Inco-Arcos data we have redrawn the 
stress-rupture curves and/or scatter bands as given in the paper 
except that the experimental points were omitted and the experi- 
mental points from the Inco-Arcos tests were plotted. 
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Fig. 28, herewith, shows a plot of the experimental! points ob- 
tained on three lots of 19 Cr-9 Ni-Cb weld deposits together with 
the scatter band given by the authors at 1200 F. It will be noted 
from Fig. 28 that some of the Inco-Arcos points fall slightly above 
and some slightly below the scatter band given by the authors, 
If, however, the authors had plotted their scatter band to include 
all of their own points it also would have encompassed the large 
majority of the Inco-Arcos points. 

Collectively, then, we have stress-rupture data at 1200 F on 
19 Cr-9 Ni-Cb weld metals deposited from five different lots of 
electrodes, tested by three different laboratories, and in both the 
longitudinal and transverse directions. This then establishes, 
almost without doubt, the scatter that may be expected in the 
stress-rupture properties of 19Cr-9Ni-Cb weld deposits at 
1200 F. 

Fig. 20 shows a plot of the Inco-Arcos data points and the 
stress-rupture curve given by the authors for 19 Cr-9 Ni-Cb-Ta 
weld deposits at 1200 F. It may be noted that the Inco-Arcos 
data points fall below the curve given by the authors. This 
indicates that in all probability a scatter band of the same order 
of magnitude as seen in the case of the 19 Cr-9 Ni-Cb welds exists. 

Fig. 30 shows a plot of the Inco-Arcos data points on welds 
deposited from twoots of electrodes and the stress-rupture curve 
given by the authors for 18 Cr-12 Ni-Mo weld deposits at 1200 F. 
The Inco-Arcos points fall slightly below the curve given by the 
authors and are probably a reflection of the lower carbon contents 
of the weld deposits tested in the Inco-Areos program. These 
combined data would give more information toward the estab- 
lishment of a scatter band for 18 Cr-12 Ni-Mo weld deposits. 

Fig 
deposited from two different lots of electrodes and the stress- 


31 shows a plot of the Inco-Arcos data points on welds 
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rupture curve given by the authors for 18 Cr-12 Ni-Mo-Cb eleo- 
trodes at a test temperature of 1200 F. Here again it can be seen 
that the results agree to within an amount of which reasonably 
can be attributed to variations in composition and test procedures 
in conducting a test which in itself is subject to scatter 

In addition to the tests conducted on deposits in the as-welded 
condition two specimens of each of the foregoing compositions 
were heat-treated as follows prior to testing 


| | 

Till 


1106 
F, 


1200 F, 
1550 F, 


2 hr, water-quench 
2 hr, air-cool 

2 hr, air-cool 
a 

The results of the tests on the specimens which were heat- 
treated as described were such that no conclusions as to the effect 
of heat-treatment on stress-rupture life could be drawn since the 
difference in stress-rupture life between the aged samples and the 
aus-welded samples was within an amount which reasonably could 
be attributed to scatter. : 

We are grateful to the authors for the opportunity to review 
thie paper and hope that the substantiating data we have pre- 
sented may in some way be helpful in achieving the goal for which 
this vast amount of work has been done. 


J. L. Van Utien.® Data of the nature obtained by the authors 
are always welcomed. They serve as a guide for the application 
of existing materials and for development of improved alloys. 
Since this information can be translated into design, it seems 
worth while to tabulate actual test data or to increase the legi- 
bility of the published rupture curves. 

The observation that higher test temperatures promote more 
complete transformation to sigma phase or austenite within the 
test times employed is documented by the data. However, this 
does not preclude the formation of larger amounts of sigma phase 
at lower temperatures and longer times. The sigma-forming 
potential increases with decreasing temperature, as is well known, 
and since diffusion reactions slow up with decreasing tempera- 
ture, a longer time is required to complete the reaction. 
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Normally, we can place ‘practical’ limitations on temperatures 
below which little sigma occurs, but some caution should be exer- 
cised where equipment with extremely long service life is con- 
sidered. 


Auruors’ CLosurE 

The authors wish to thank Messrs. Fleischmann, Thomas, 
and Van Ullen for their discussion of our paper. It is certainly 
gratifying to investigators when data obtained by other organiza- 
tions so nicely check with the data which are presented. 

They would like to point out to Mr. Fleischmann that in their 
opinion the 1050 F stress-rupture curve presented in the paper is 
satisfactory, and that possibly this might be an indication that 
for certain temperatures and certain materials the parameter, 
as developed by the General Electric Company, might not satis- 
factorily predict long-time elevated-temperature properties. 

Since Mr. Thomas’ test work so parallels the work of the 
authors, it is especially happy that he was able to present this 
as a discussion to the paper. It is hoped that other investigators 
who have similar data may want to publish them at a later time, 
so that more accurate curves may be drawn for all of these weld- 
metal compositions. 

Mr. Van Ullen’s comments on the formation of sigma phase 
are in order. More and more information is being obtained on 
these reactions and the effects of sigma on mechanical properties 
at elevated temperatures and upon the mechanical prop- 
erties at room temperature after exposure. With this information 
engineers will be able to more intelligently select materials for 
operation at high temperatures. 
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This paper presents a discussion of important engi- 
neering properties of some martensitic 12 per cent Cr 
alloys for use at temperatures up to 1200 F. Detailed high- 
temperature creep-relaxation and stress-rupture data are 
given for 12 per cent Cr (Type 403) and for six alloy modi- 
fications including 12 per cent Cr-Co-W-V, 12 per cent 
Cr-W-V, 12 per cent Cr-Mo-V, 12 per cent Cr-Mo-W-V, 12 
per cent Cr-Cb, and 12 per cent Cr-Ni-W. Other proper- 
ties such as thermal expansion, modulus of elasticity, 
resistance to stress corrosion, and so forth, are discussed. 
Some of the modified 12 per cent Cr alloys offer a com- 
bination of properties which makes them attractive for a 
number of high-temperature applications. 


By D. L. NEWHOUSE,' B. R. SEGUIN,' ann E. M. LAPE? 


oan: 


Operating requirements for ferritic turbine bolting are particu- 


larly severe since materials for this application not only must 


combine high room-temperature yield strength and impact 
strength, but must possess and maintain good creep strcogth, 
rupture strength, and ductility for many years of operation at 
temperatures as high as 1050 F. Resistance to temper embrit- 
tlement and in some cases stress corrosion are of importance, and 
the thermal-expansion characteristics of the bolt should match 
those of the flange as nearly as possible. A number of these re- 
quirements are to some degree contradictory, since high hardness, 
creep, and rupture strength tend to be accompanied by lower 
impact strength and rupture ductility. 
In the following, data are presented in detail for a number of 12 _ 


per cent Cr materials which have been produced and used in com- vA 
mercial quantities for some of the foregoing applications, and | 
which illustrate their desirable qualities as well as some of the 


INTRODUCTION 


N the manufacture of steam and gas turbines one of the most 
widely used medium alloys is the class of material commonly 
referred to as the martensitic 12 per cent chromium steels. 

The rather unique combination of properties possessed by this 
class of corrosion-resisting materials makes them particularly well 
suited for turbine buckets, compressor blading, bolting, valve 
stems, and so on, Although straight 12 per cent Cr steel (Type 
403) has been used in steam-turbine buckets for many years and 
has proved its qualities in such extended service, there is now con- 
siderable interest in the modifications of the 12 per cent Cr steels, 
not only for steam turbines because of their steadily increasing 
throttle temperatures, but also for gas turbines and jet engines 
where strategic alloy factors are forcing the superseding of the 
more strategic austenitic steels. In consideration of this wide- 
spread interest in the 12 per cent Cr steels and their alloys, it is 
believed to be advantageous to the nation’s industry to present a 
compilation of representative data obtained on this class of ma- 
terial by the various laboratories of the authors’ company. 

The major specifie properties required by the various applica- 
tions of the 12 per cent Cr family in steam and gas-turbine de- 
sign can be summarized briefly as follows. In addition to satis- 
factory strength properties at both room and elevated tempera- 
tures, turbine buckets require good internal damping, resistance 
to corrosion and erosion by condensate in the steam turbine and 
combustion products in the gas turbine, and sufficient ductility to 
permit tenon riveting. Compressor blading requires adequate 
physical strength and resistance to stress corrosion, while mate- 
rials for gas-turbine wheels must be capable of being forged and 
heat-treated to desired properties in fairly large sizes. In valve 
stems, the further ability to be nitrided to provide a satisfactory 


wear-resisting surface is desirable 


1 Metallurgical Engineer, Materials and Processes Laboratory, 
General Electric Company, Schenectady, N. Y. 

2? Metallurgical Engineer, Thomson Laboratory, Genera) Electric 
Company, River Works, West Lynn, Mass. 

Contributed by the Joint ASTM-ASME Committee on Effect of 
Temperature on the Properties of Metals, and presented at a joint 
session with the Power Division at the Annual Meeting, New York, 
N. Y., 29-December 4, 1953, of Tue American Soctrety 
or MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, 
September 1, 1953. Paper No. 53-—A-168 


problems which should be considered, 

The scope of this paper has been confined to the consideration 
of what might be termed static properties, since time and space 
do not permit discussion of other important properties such as 
fatigue strength and internal damping capacity. 


CHEMICAL COMPOSITION 


Both preferred ranges of composition for the several types of 12 
per cent chromium alloys and the chemical compositions for the 
individual items are shown in Table 1, together with a notation — 
Allitems except those so noted were taken from 
production heats of material. It can be seen that each of the 12 a 
Cr modifications is characterized by additions of one or more — 
carbide-forming elements such as molybdenum, tungsten, and — 
vanadium, and usually by the increase of carbon content and 


as to section size 


sometimes the addition of nickel or cobalt, which tends to counter- 
act the ferrite-forming tendency of the carbide formers 

The compositions of the 12 Cr-Co-W-V, 12 Cr-W-V, 12 Cr, 
and 12 Cr-Ni-W alloys are so balanced that little or no ferrite is 
observed, while the 12 Cr-Mo-W-V, 12 Cr-Mo-V and the 12 
Cr-Cb alloys may contain small amounts of ferrite. Such fer- 
rite is not usually detrimental to either low- or high-temperature 
strength and may contribute to ease of hot-forming and heat 
treatment. However, recent work suggests that tensile ductility 
may be greatly reduced in tests made perpendicular to the diree- 
tion of ferrite stringers, where they may form a substantially 
continuous phase, even though strength and ductility are normal 
in « direction parallel to the stringers 


Heat-TREATMENT AND 


The heat-treatments applied to the individual items and the 
resulting mechanical properties are ‘listed in Table 2. The Type 
403 steels listed were all air-cooled directly from the hot-rolling 
operation and were then tempered to produce the desired tensile 
properties, straightened, and stress-relief-annealed. In contrast 
to this practice, the modified 12 Cr alloys have all been air or oil- 
quenched from a relatively high temperature (for the solution of 
alloy carbides) and then tempered to produce the desired tensile- 
strength properties. It should be noted that the modified 12 per 
cent chromium alloys were tempered to very much higher tensile- 
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strength levels than were the Type 403 steels listed. Items 2803-2 
and 2803-3 are identical to Item 2763 except that successively 
greater amounts of tempering were given to them to show its ef- 
fect on high-temperature strength properties. 

It has been found that the application of the high solution 
temperature (2000 F) to the 12 Cr-Co-W-V material tended to 
produce low impact strength at room temperature and low rup- 
ture ductility at high temperatures. A solution heat-treatment 
of 1750 F to 1800 F has proved more satisfactory for this alloy. 
An intermediate temperature, approximately 1900 F, has been 
12 Cr-W-V and 12 Cr-Mo-W-V alloys; while 
i 2000 F solution temperature 


satisfactory for the 
for 12 Cr-Mo-V and 12 Cr-Chb, 
normally is used. 

Room-temperature keyhole Charpy impact-strength 
while not high, usually can be maintained above 10 ft-lb; and for 
the 12 Cr-Mo-W-V, tend to run close to 20 ft-lb. 


values, 


THERMAL-EXPANSION CHARACTERISTICS 


In designing for elevated-temperature service, it is important 
to consider the relative thermal expansion of materials, since 
failure to do so may produce relative movements of parts which 
may cause difficulty with excessive stress and distortion. In 
particular, a difference in thermal expansion between bolts and 
the flanges being bolted may cause either excessive tightening or 
loosening of the joint on heating to operating temperature. 
Typical thermal-expansion curves for the three major types of 
steel are shown in Fig. 1. While these curves are based upon a 
considerable number of tests (1, 2, 3),* agreement was very good 
and only average curves are included. 
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It should be noted that the 12 Cr grades at 1000 F have almost 
as great a deviation in thermal expansion below low-alloy steel as 
do the 18-8 steels above that of low-alloy steels. This means that 
in heating a 12 per cent Cr alloy bolt to 1000 F in a low-alloy 
flange, the stress at operating temperature for a given tightening 
practice would be appreciably higher than if bolt and flange had 
the same expansion characteristics. In a like manner, an aus- 
tenitic bolt in a low-alloy flange would loosen by 0.002 in./in. on 
heating to 1000 F. For this reason, it is considered good practice 
to tighten 12 per cent Cr alloys to a lower initial stress value at 
room temperature, when bolting low-alloy flanges, so as to avoid 
overstressing during operation. 


* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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or 


The decrease in modulus of elasticity, which occurs as service 
temperatures are raised, also may be important to the proper use 
of materials at elevated temperatures. Fig. 2, which was plotted 
from data listed in Table 3, shows tensile modulus-of-elasticity 
values for Type 493 and the 12 per cent Cr modifications, which 
were obtained from creep-test-loading curves, plotted along with 
data from Garofalo, et al. (4). It is interesting to note that the 
values of obtained from creep-loading curves appear to deviate 
from the Garofalo curve at about 800 F for Type 403 and at about 
950 F for the modified 12 per cent Cr alloys. This may be due 
to the occurrence of creep or nonelastic strain at the higher tem- 
peratures while applying load at the rate of about 2000 to 4000 
psi per min. Such creep was avoided by Garofalo by using un- 
loading data and lower stress values. the agree- 
ment appears reasonable and the tensile modulus of elasticity is 
some 30 to 35 per cent lower at 1000 F to 1050 F than at room 
temperature. 


In any case, 


TABLE3 MODULUS OF EL yey (psi X 10-4) VERSUS 


TEMPERATURE 


25.0 (1) 
23.1 (5) 
19.1 (11) 
20.3 (1) 
16.2 (1) 
1504 (1) 


Data from creep test loading curves 


view 


() Indicates number of test points averaged 


|X —— TYPE 403 (i2Cr) (DATA FROM CREEP LOADING) 
*—-—12 Cr CoWV, I2Cr WV, I2 Cr Mo WV (FROM CREEP LOADING) 
TYPE 410 (i2Cr), GAROFALO, ET AL, (STATIC BENDING DATA) 
| | j 


TENSILE MODULUS, E, x 


TEMPERATURE - 


Fig. 2) Static Tenstte Moputus or Exvasticiry Versus TemPera- 


TURE FOR 12 Per Cent Cr STEELS 


Rupture STRENGTH AND RELAXATION STRENGTH 


Creep and rupture-strength considerations are most important 
to the successful use of 12 Cr steels in the temperature range be- 
tween 900 F and 1200 F. Rupture tests provide a means of evalu- 
ating long-time strength for design purposes. They also yield 
ductility data which, if moderately high, give reasonable expecta- 
tion that the occurrence of notch embrittlement will be mini- 
mized (5). 

Relaxation-creep tests simulate service conditions for bolting 
in that the length of specimen is maintained at or near a constant 
value as the elastic strain is replaced by creep strain, with a re- 
sulting decrease in stress. Unlike many other parts where maxi- 
mum working stresses are specified, bolting must maintain a 
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given minimum tension and so actual bolt stress always must 
exceed the design stress. 

The problem of estimating accurately the creep and rupture 
behavior of materials for the very long life expected of apparatus 
such as steam turbines has long been important. Some of the 
stronger 12 per cent Cr steels may show no break in the log-log 
rupture curves for 900 F and 1000 F, even when tests of long 
duration, as long as 5000 to 10,000 hr, are run. This leads to 
excessively high predictions of 100,000-hr strength by extrapola- 
tion, since a break in the curve at any later time would lower 
the predicted strength considerably. Furthermore, a relatively 

small scattering of test points may affect drastically the estima- 
tion of 100,000-hr strength. 

_ The time-temperature relationship for creep and rupture stres- 
ses, T(C + log t), proposed by Larson and Miller (6) has proved a 
most useful tool in the evaluation of high-temperature strength, 
since it yields not only more reasonable and consistent predic- 
tions of 100,000-hr strength, particularly at temperatures be- 
tween 900 F and 1100 F, but permits the use of short-time tests 
for this purpose. 

Detailed rupture-test data, and strengths derived therefrom, 

are given in Table 4. The listing of rupture-test data includes 
test temperature, stress, rupture time, rupture elongation and re- 
duction of area, and the equivalent value of the time-temperature 
parameter, Ps, = 7(C + log t), where T is the absolute tempera- 
ture in degrees Rankine, ¢ is time in hours, and C equals 25. It 
has been found that a constant of 25 is more correct for 12 Cr 
steels, as contrasted to 20 reported by Larson and Miller for most 
steels. 
_ Rupture-strength values listed in Table 4 were obtained both 
conventional log stress versus log time-to-rupture plots 
and from log rupture stress versus 7'(25 + log ¢) plots. The lat- 
ter values are designated by a suffix P, while values obtained by 
extrapolation of log-log curves are enclosed in parentheses, 

A comparison between rupture strengths obtained by conven- 
tional extrapolation as compared to those from parameter curves 
in Table 4 shows that in many cases, particularly at 900 F and 
1000 F, the parameter data indicate a continuing curvature which 
may yield much lower strength predictions for 100,000-hr life 
than do the corresponding log-log extrapolations, and which fre- 
quently appear to be much more reasonable. 

Relaxation-test data obtained from Robinson step-down flow- 
rate teste (7), in the form of residual stress at 0.2 per cent total 
elastic plus plastic strain, are listed in Table 5 for specified times, 
Enough points are given in each case so that the residual-stress 
curves may be reconstructed, if desired, and extrapolated values 
are indicated by enclosing parentheses. 

Both the individual rupture-test points and residual-stress 
data for the several 12 per cent Cr allovs are shown in Figs, 3 
through 9 in the form of plots of rupture strength and residual 
stress at 0.2 per cent total strain versus 7(25 + log ¢). 

Consideration of the summation curves shown in Fig. 10 and of 
the data for the individual alloys leads to some interesting com- 
parisons. All of the 12-Cr modifications show great improve- 
ment in rupture strength and in relaxation strength for a given 
time and temperature as compared to 12 Cr (403). The 12 Cr- 
Co-W-V and 12 Cr-Mo-V are highest in rupture strength, while 
the 12 Cr-Mo-V and 12 Cr-Mo-W-V have the best relaxation 
strength. The 12 Cr-Ni-W has relatively good rupture strength 
but poor creep strength as compared with the other 12 per cent 
Cr modifications. The residual stress of 12 per cent Cr-Cb falls 
off more rapidly than the other modifications at higher values of 
7T(25 + log t). 


Smooru Norcenep-Bar Ruerure Ducrinty 


Most of the rupture strength and smooth-bar ductility data 


at room temperature, 


1000 — 1200 F OPERATION 


2-in. or 4-in. gage length, with the exception of the 12 Cr-Mo-V 
tests and some others noted in Table 4 for which a 0.160 -in-diam 
and |-in-gage-length specimen was used. The smaller test speci- 
men generally produces higher elongation values. 

Rupture ductility for 12 Cr (403) was consistently high; that Z 
for the 12 Cr-Co-W-V was quite low when a high solution treat- — - a 
ment was used, but was considerably improved by the lower — _ 
(1750 F) solution heat-treatment. For the other modifications, | 


t 
rupture elongation was reasonably high, falling off somewhat at — 


longer times. 

The notched-rupture-test results for 12 Cr-Co-W-V at 1000 F | 
(Table 4, Item 2489) show notch strengthening at 1000 hr, no © 
effect at 10,000 hr, and an apparent notch embrittlement at a 
100,000 hr as compared to the smooth-bar-parameter strength 
values. It is felt, however, that either extrapolation of log-log - 
plots or the use of short-time parameter methods [7(25 + 
log ¢)] is unwise in so far as notched-bar data are concerned, the 
data being completely significant only for the time and tempera-_ 
ture ranges used in the tests, 

The notch-rupture strength for 12 Cr-W-V (Table 4, Item 
2717) at 1100 F shows notch strengthening for all the times tested. 
Brown, Jones, and Newman (5) found no notch weakening for — 
Crucible 422 (12 CrsMo-W-V) under any of the conditions which — 
they investigated. 

It has been observed that when temperature is raised at a given | 
stress to give a shorter rupture time according to 7(25 4 log 4), , 
the rupture elongation for a 0.253-in-diam test specimen will ap- _ 
proximately double for each 100 deg F rise in temperature for — 
some of the 12 Cr modifications. The implication of this ob- 
servation, if valid, is that a rough estimation of long-time rupture — 
elongation may be made from short-time tests at higher tempera-_ 


tures and comparable stresses. 
Temrerine Errects 


The high tensile-strength levels typical of the 12 per cent Cr_ 
modifications listed tend to produce reduced ductility, impact 
strength, and machinability, as compared to material tempered — 
to a lower hardness. However, as can be seen in Fig. 11, addi- 
tional tempering produces a pronounced lowering of rupture 
strength at the lower values of Py. This effect is much less at 
higher values, being almost negligible at P25 = 45.0. The resid- 
ual-stress curves, however, are roughly parallel, showing a 
continued higher 
Another example is shown in the case of 12 Cr-Mo-V, Fig. 7, : 
where both rupture points and residual-stress curves for items 
with room-temperature tensile strength under 140,000 psi show 7 
For this reason, | 


advantage for the tensile-strength level. 


the same trend as was shown in the foregoing. 
only the items with tensile strengths above 140,000 psi were 
used in comparing this alloy with the others in Fig. 10 


Srress CORROSION 


In general, these alloys are less susceptible to stress corrosion 
than the austenitic-type alloys. However, under certain condi- 
tions of high hardness and high stress, failure can occur. Fig. 12 — 
presents data on Type 403, 12 Cr-Mo-V, and 12 Cr-Ni-W in an . 
accelerated stress-corrosion test which has been found useful in 
the evaluation of the relative susceptibility of this type of ma-— 
terial to stress-corrosion-cracking in service. In this test the 
specimens were in the form of strips, stressed in bending, and im- \ 
mersed in a solution of 1-1 HC] with 1 per cent by weight of SeO, 
In this test the various modified 12 per 


one in time over Type 403 for equivalent hardness ae e 
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FABLE 4 RUPTURE-TEST AND RUPTURE-STRENGTH,DATA 
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TABLE 4 
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The surface-hardening of these 12 per cent Cr types of alloys 
for use as valve stems and bushings can best be accomplished by 
using an ammoni:-gas of nitriding. This method 
produces a case with satisfactory depth, hardness, and corrosion 
resistance to steam. The usual procedure for preparing Nitralloy 
parts for nitriding also must be used for preparing the 12 per cent 
C'r types of alloys. In addition, the 12 per cent Cr alloys must be 
nitrided immediately after grit-blasting or pickling. This nitrid- 
ing process readily produces a case thickness of 0.006 to 0.008 
in. with a minimum hardness of 91 Rockwell 15 N (62 Rockwell 
C). Fig. 13 is a photomicrograph at 100 of a 12 Cr-W-V part 
nitrided, using the foregoing process. 
pressions are Knoop hardness readings 

An important question can be raised concerning the persistence 
of hardness in parts exposed to high service temperature for long 
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times. Fig. 14 shows the results of tempering tests in a plot of 
Rockwell 15 N hardness at room temperature versus the temper- 
ing’ parameter 7(20 + log ¢) which indicates that the surface 
hardness should indeed fall off to some extent, but that the hard- 
ness should still be above Riw = 85 after 100,000 hr at 1050 F. 


WELDING 


The 12 per cent Cr alloys diseussed in this paper are either fully 
or partially hardened when air-cooled from the welding tempera- 
ture, and extreme care must be taken to prevent Cracking during 
welding. Carefully controlled preheat and postheat treatments 
are required to insure a crack-free weldment with satisfactory 
properties, 

{nm the authors’ company, welding of these alloys has been ap- 
plied in the fabrication of steam-turbine diaphragms for high- 
temperature use. From an economical and production point of 
view, a modification of the chemistries of these martensitic al- 
loys to make a duplex martensite-plus-ferrite alloy is more satis- 
factory than trying to maintain the rigid welding control neces- 
sary for the fully martensitic alloys. Such duplex ferrite-p!us- 
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martensite structures have been obtained in welding grades of 12 
Cr steel by the increasing of chromium and addition of aluminum 
w molybdenum to 12 Cr, by adding Cb to 12 Cr, or by lowering 
the carbon and increasing tungsten for 12 Cr-W-V (8). 
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Discussion 

Ernest L. Ropixson.* The authors include a great number 
of detailed test results in support of the curves which summarize 
them for application purposes. Both long-time rupture-test re- 
sults and long-time creep-test results are given. The use of the 
Larson-Miller parasneter has enabled the compact presentation 
of the many test results in a remarkably small number of dia- 
grams which readily present to the eye the maximum possible 
spread between tests. Fig. 10 of the paper gives the authors’ 
interpretation of their average test results on the several alloys. 
This is a very useful diagram. Two specific temperature scales 
ure given at the bottom for the benefit of those who are not using 
the Larson- Miller formula habitually. 

The ereep-test results are presented in terms of residual stresses 
after stated times of relaxation. For the benefit of readers 
who may want to get ordinary creep rates, the writer suggests 
that another scale be added to Fig. 10 to show the residual stress at 
the end of 1000 hr. On the average, this stress is the stress 
which is accompanied by a creep rate of 1/100 per cent per 1000 
hr. In other words, in a relaxation test as the load drops, the 
rate of creep slows down and at just about 1000 br passes through 
the 10~ rate referred to. 

This convenient relationship was presented in the Second Prog- 
ress Report of Project 16 ASTM-ASME Joint Committee on the 
Effect of Temperature on the Properties of Metals,’ where the 
ratio of the 10~7 creep strength to the 1000-hr residual stress aver- 

‘General Electric Company, Schenectady, N. Y. Fellow ASME. 

* Proceedings of the ASTM, vol. 48 1948, p. 254 
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aged 1,00 for 87 tests. Of course, in individual cases, this stand- 
ard rate may occur somewhat earlier or later than the thousandth 
hour but for the engineer who desires to form a judgment on the 
basis of the average of a good many tests, it is a useful relation- 
ship to keep in mind, Fig. 15, herewith, presents the curves in 
Fig. 10 of the paper with the suggested additional scale at the 
bottom for the benefit of those who care to use it. 


A. Sricua. The tremendous volume of high-temperature 
data for the modified 12 per cent chromium-alloy steels studied 
by the authors will be appreciated greatly by engineers con- 
cerned with elevated-temperature materials problems. The 
AISI Type 403 and 410 steels have served admirably in many ap- 
plications at temperature levels somewhat below those contem- 
plated for the latest central-station designs and attempted ex- 
tension of their utility by suitable alloying is a worthy project. 

The authors suggest high-temperature bolting as one possible 


Crane Company, Chicago, 
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application of these steels and cite properties of interest for this 
service, One characteristic which should be included in any 
such evaluation is impact strength after elevated-temperature 
exposure. In our experience, failures of bolts, at least in diame- 
ters under 2 in., have occurred at room temperature on remaking 
joints much more frequently than in actual operation at elevated 
temperatures. Almost invariably these failures have been as- 
sociated with materials deficient in impact resistance. 

Many of the modified 12 per cent chromium steels of this in- 
vestigation exhibit precipitation-hardening characteristics upon 
prolonged exposure at elevated temperatures, especially after 
austenitizing at relatively high temperatures. Hence it would 
be of interest to know what order of impact resistance remains 
in these steels after exposure at contemplated service tempera- 
tures so their usefulness as bolting materials might better be 
assessed. Any data the authors make available on this point 
would be appreciated. 

In their presentation the authors anticipate for nitrided modi- 
fications of 12 per cent chromium steel a hardness above Ruy = 
85 after 100,000 hr at 1050 F. Although we have no data for these 
specific analyses, long-time aging results for nitrided Type 410 
steel as given in Table 6 herewith, indicate that this view may be 
overly optimistic. 

These results are in fair agreement with the low parameter 
end of the curve for 12 per cent chromium steel shown in Fig. 
14 of the paper, but at the other end, which in our case representa 
the long exposures at 1025 F, there is marked divergence. While 
the alloving additions undoubtedly assist in retaining hardness, 
there well may be some question about maintaining the hard- 
ness level indicated. 

A condition known as “blue-blush” has caused some difficulty 
on valve stems, particularly the nitrided 12 per cent chromium- 
steel type. Do any of the modified analyses offer hope of alle- 
viating this condition? 


Avuruors’ Closure 


The authors appreciate Mr. Robinson's comments concerning 
the approximate relation between the residual stress at the end 
of 1000 hr and the stress corresponding to a creep rate of 1/100 
per cent per 1000 hr. Mr. Robinson's Fig. 15 is of assistance in 
expanding the applicability of the data presented in the paper. 

With respect to Mr. Sticha’s questions concerning precipita- 
tion hardening and reduction in impact strength of the alloyed 
12 per cent chromium steels after prolonged exposure to service 
temperatures, we have been using such steels for bolting service 
since about 1947. During the past few months we have had 
a few service failures of the cobalt-containing alloy, and these 
failures have included both room-temperature and high-tempera- 
ture cracking. Extensive laboratory investigations, including 
x-ray diffraction studies, aging tests, creep, and rupture on ma- 
terial returned from service, scale-model bolting, notch tests, 
and so on have not yet progressed sufficiently to reveal the mech- 
anisin of these service failures. 

Concerning the hardness of nitrided surfaces after service ex- 
posure, long-time aging tests at 1100 and 1200 F are in progress, 
with the samples protected from oxidation, to verify the hard- 
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e 
ness data presented in the paper. The particular tests for 12 Cr- The authors’ company has also experienced the difficulty with 
Co-W-V, 12 Cr-W-V, and 12 Cr-Mo-W-V on which Fig. 14 is based — “‘blue blush’”’ mentioned by Mr. Sticha, and adequate information 
had accumulated Jess than 100-hr exposure time. Further ex- is not yet available to establish firmly whether this blue blush is 


posure shows that after 256 hours at 1200 F, the hardnesses for caused by oxidation of the stem material or to carry-over by 
all the materials were approximately 82 to 83 Kis, falling on steam. In either case, it is not expected that the modified analy- 


the curve shown for Type 410 in Fig. 14. ses will alleviate this condition. x 
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By R. J. FIORENTINO,! A. M. HALL,? ano J. H. JACKSON,* COLUMBUS, OHIO mie: a 


An investigation was undertaken to obtain information 
on (a) the relationship, if any, between the aluminum and 
nitrogen contents of a steel and the susceptibility of the 
steel to graphitization, (6) the manner in which chromium 
influences the process, and (c) the effect of normal amounts 
of Mn, Si, S, and P in the graphitization of steel. Toward 
these objectives, twelve laboratory heats of iron-carbon 
alloy were made from specially prepared melting stock. 
Various amounts of Al, N, Cr, Mn, Si, S, and P were added 
to these heats. They were forged to %-in-square bars, 
variously heat-treated, bead-welded, and tested for graphi- 
tization at 1025 F for periods of time extending to 8000 
hr. Information on the progress of graphitization in the 
specimens was obtained by metallographic examination. 
The data obtained included the number of graphite nod- 
ules per unit area (as a measure of nucleation), the aver- 
age nodule diameter, and the per cent conversion of car- 
bide to graphite——all as functions of time. The evidence 
generally indicated that the graphitization process, 
whether occurring in the weld-heat-affected zone or in 


unaffected parent metal, took place by means of a 


nucleation and growth mechanism, which envisages a 


time rate of nucleation. 


INTRODUCTION 


HE following is the final report on the investigation of 
graphite formation in steel, carried out at Battelle Memo- 
ria] Institute under the sponsorship of Project No. 29 of the 
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Joint ASTM-ASME Research Committee on the Effect of Tem- 
perature on the Properties of Metals. This report summarizes the 
work done on the project from its initiation, November 1, 
to its penmgee tion, October 31, 1952. 7 

1 Research Engineer, Battelle Memorial Institute. 

? Division Chief, Battelle Memorial Institute. 

* Department Manager, Battelle Memorial Institute, Mem. ASME. 

Contributed by the ASTM-ASM E Committee on the Effect of Tem- 
perature on the Properties of Metals and presented at a joint session 
of the ASTM-ASME Committee on the Effect of Temperature on the 
Properties of Metals and the Power Division at the Annual Meeting, 
New York, N. Y., November 29-December 4, 1953, of Tur AMerIcan 
Society or MecHantcat ENGINFERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Manuscript received at ASME Headquarters, October 
9,1953. Paper No. 53-—A-153 


Graphitization of Steel 
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, 1950, 


ect of Certain Elements on the 


The objective of the investigation was to obtain information 
on the following specific points: 


1 The relationship, if any, between the aluminum and the 
nitrogen content of a plain-carbon steel and its susceptibility 
toward graphitization. In particular, attention was directed to- 
ward determining whether aluminum influences susceptibility 
to graphitization by fixing the nitrogen as aluminum nitride, or 
whether it is aluminum in solid solution in the ferrite matrix 
that influences susceptibility. 

2 The manner in which chromium acts to increase resistance 
to graphitization, 

3 The effect of normal amounts of manganese and silicon in 
the steam-pipe steels on the susceptibility of these steels toward 


hite ation. 


Test MATERIALS 


— 


Twelve iron-carbon alloys were prepared in the laboratory from 
specially purified iron, to which different amounts of aluminum, 
nitrogen, manganese, silicon, chromium, sulphur, and phos- 
phorus were added in various combinations. The intended com- 
position of the alloy is shown in Table 1. 

The iron used for the melting stock was purified by heating 30 
hr at 2300 F in carefully dehydrated and deoxidized hydrogen, 
followed by cooling under similarly treated argon. The treated 
iron contained 0.003°7, C, < 0.002°, N, < 0.01°, Mn, 0.003°;7 P, 
0.003% Si, <0.08% Ni, <0.03% Cu, <0.015% Cr, and <0.015% 
Mo. The other ingredients included: fused chromium, 99.15°; 
pure; electrolytic manganese, 99.967 pure, annealed 16 hr at 


TEST MATERIALS 


60 


60 


Or 


1200 F to remove hydrogen; aluminum wire, 99.75% pure; 
silicon metal containing 98% Si. 


One heat of each alloy was melted and poured into a single ingot 
weighing 2*/, Ib, having a diameter of about 1'/; in. and a length 
of 4 in. plus a sinkhead. The ingots were slightly tapered. 

The melting furnace used was a small high-frequency induction 
unit enclosed in a gastight, The 
ingot mold, made of copper, was attached at an angle to the side 
of the cover with a gastight seal and connected with the crucible 
by means of a spout. The entire assembly was suitably pivoted 
about a horizontal axis. The purpose of the arrangement was to 


dome-shaped, copper cover. 


provide means of melting metal under a controlled gas atmos- 
ingot mold under the same 
and, at the same time, prevent access of air to the 
This was ac. 


phere and pouring it into an 


atmosphere 
metal until it had solidified in the form of an ingot. 
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complished by melting in the crucible and then, when the melting 
campaign was complete, tipping the assembly on its horizontal 
pivot to make the metal run along the spout into the mold. 

Melting was done in a beryllium-oxide crucible. The hot top 
for the ingot mold was made of zirconia. 

The melting practice used initially involved flushing the melt- 
ing-furnace assembly with carefully dehydrated and deoxidized 
argon for 2 hr before making the heat, melting under the same 
atmosphere, and then flushing again with argon for about 2 hr 
after casting. Nitrogen was added as calcium cyanamide to those 
melts requiring it. 

The first few ingots made were gassy and, therefore, were dis- 
carded, This condition was corrected by preheating the assembly 
and flushing out the system with argon for an extended period 
before melting. Shortly thereafter, the casing which attached the 
mold to the cover was burned through by metal which leaked be- 
tween the mold rnd the hot top, when the ingot was poured. 
This was overcome by fastening the hot top to the mold with core 
paste. 

Chemical analysis of those heats which were supposed to con- 
tain considerable nitrogen gave nitrogen contents ranging from 
0.002 to 0.004 per cent for all but one. These heats were remelted 
in an effort to obtain higher nitrogen contents. This time the 
metal was melted under dry nitrogen instead of argon. No cal- 
cium-cyanamide addition was made. Instead, it was intended 
that the nitrogen be introduced into the melt by absorption from 
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zones of welds. The second heat-treatment was designed to 
simulate the thermal conditions experienced by metal at the low- 
temperature edge of a weld-heat-affected zone, a region often ob- 
served to be especially susceptible to graphitization (5,6). Thus 
it was thought that these two heat-treatments might be especially 
effective in influencing the graphitization process. 


EXPERIMENTAL PROCEDURE 


The heat-treated bars of each composition were forwarded to 
the Crane Company where a bead weld was run along one side 
of each. The bars were then heated at 1025 F to induce graphi- 
tization. Sections of each bar were removed after 100, 500, 1500, 
3000, and 8000 hr on test. 

These sections were prepared for metallographic examination 
and an effort was made by meansof the microscope toobtain quan- 
titative information on the progress of graphitization in each. 
Specifically, data were obtained on the degree of conversion of 
carbon from carbide to graphite, not only in the unaffected parent 
metal of each specimen, but also in that part of the weld-heat- 
affected zone of each which lay between the Aq isotherm and the 
Acs isotherm. The results of other studies of graphitization in 
welded steels indicate that, if localized concentrations of graphite 
occur in weld-heat-affected metal, they will usually be found 
within this region. Graphite formation also occurred in the zone 
between the Ac; isotherm and the weld line, but its occurrence 
was too haphazard to permit reduction to quantitative terms. 


COMPOSITION OF TEST MATERIALS 
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the overlying nitrogen atmosphere. This melting technique was 
more successful, 

The compositions of the heats finally used in this investigation 
are given in Table 2. It is seen from comparison of Tables 1 and 
2 that the actua) aluminum and nitrogen contents frequently 
failed to approximate the intended percentages. These elements 
were found to be extremely difficult to control. It was disappoint- 
ing that an extra low-nitrogen low-aluminum heat could not be 
made. However, the series of heats gave numerous combinations 
of Al, N, Cr, Mn, Si, 8, and P contents which could be expected to 
permit deductions to be made on the influence of most of these 
elements on the graphitization process. 

Keach ingot was hot-forged to a °/,-in-square bar. Two 5'/2-in. 
lengths were then cut from each bar. One of these lengths was 
normalized at 1700 F, while the other length was water-quenched 
from 1360 F, a temperature estimated to be just above the Jower 
critical point of the steels. In this way, each composition would 
be tested for susceptibility to graphitization in two conditions of 
heat-treatment. The first condition duplicated a heat-treatment 
considered, from the results of other laboratory investigations as 
well as from field tests (1, 2, 3, 4)‘ to retard or inhibit graphite 
formation—-in particular, the formation of concentrations of 
graphite near the low-temperature edge of the heat-affected 

‘Numbers in parentheses refer to the Bibliography at the end of 
the paper. 


spectrographie analysis, 


The information on conversion was obtained by comparison of 
the microstructures of the specimens with a specially prepared 
comparison chart. 

In addition, the number of graphite nodules per unit of area 
was determined both for the unaffected parent metal and for the 
heat-affected zone lying between the Ac and Ac: isotherms. 
The unit area used was 0.00028 sq in. It was considered, from the 
form assumed by the graphite, that the number of graphite nod- 
ules observed would very likely be equivalent to the number of gra- 
phite nuclei formed. In other words, it was considered that little, 
if any, coalescence of graphite nodules had oecurred during the 
course of graphitization. However, it was recognized that 
a type of coalescence could and probably did, in some cases, take 
place. This type would involve the disappearance of some of the 
smaller nodules, the carbon therefrom depositing on the larger 
ones, 

Finally, the average diameter of the graphite nodules found in 
the parent metal and in the region of the heat-affected zone be- 
tween the A., and Ag: isotherms was measured with the micro- 


scope, 
Resvutts Discussion 


The results of the graphitization tests of the twelve experi- 
mental steels are summarized in Table 3 and shown graphically 
in Figs. 1 through 10. 
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TABLE 3 RESULTS OF EXAMINATION OF THE TEST MATERIALS 


Unattected Parent Metal 


Maximum Comersion of Incubation Period, 
Carbide to Graphite heures 


100% at 1500 hous 
100% at 8000 hours 
100% at 8000 hours 
78% at 8000 hours 
40% at 8000 hours 
70% at 8000 hours 
80% at 8000 hours 
90% at 8000 hours 
90% at 8000 hours 
at 8000 hours 
50% at 8000 hours 
43% at 8000 hows 
68% at 8000 hours 
70% at 8000 hours 
50% at 8000 hours 
0% at 8000 hours 
20% at 8000 hours 
80% at 8000 hours 
70% at 8000 hours 


92% at 8000 hours 
90% at 8000 hours 
90% at 8000 hours 
90% at 8000 hours 
60% at 8000 hours 
60% at 8000 hours 
40% at 8000 hours 
80% at 8000 hours 
60% at 8000 hours 
79% at 8000 hours 
65% at 8000 hours 
at 8000 hours 
3% at 8000 hours 
66% at 8000 hours 
72% at 8000 hours 
83% at 8000 hours 
30% at 8000 hours 
71% at 8000 hours 


82% at 8000 hours 
70% at 00 hours 
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- Examination of Figs. 1 through 10 shows a few cases where the 

data on nodule number and nodule size for an individual heat 
seem obviously inconsistent among themselves, For example, 
nodule size for heat 3, both in the unaffected parent metal and in 
the Ae~Acs region, decreased when the time at temperature be- 
came very long; nodule number in the Ao~Ages region of heat 3 
decreased considerably as exposure time became prolonged, even 
though the spacing of the nodules made it difficult to visualize 
their coalescence. Growth of the larger nodules, however, may 
have taken place at the expense of some of the smaller ones. 
Likewise, for heat 4 as water-quenched from 1360 F, nodule 
number in the unaffected parent metal decreased with increase in 
time at temperature. This occurred in spite of the fact that 
nodule size appeared to be practically constant regardless of ex- 
posure time. Again, in the Ae-Ae region of the normalized speci- 
mens of heat 4, the data on nodule number and nodule size were 
extremely erratic from specimen to specimen. In fact, no at- 
tempt was made to draw a curve through the nodule-number 
data. For heat 8 in the normalized condition, nodule number in 
the unaffeeted parent metal tended to decrease after long ex- 
posure times, even though nodule size remained virtually con- 
stant. 

These inconsistencies may be indicative of deficiencies inherent 
in attempts to obtain data of this type on a quantitative basis by 
metallographic methods. They may reflect a certain degree of 
probability that the polished section examined is not truly repre- 
sentative of the entire specimen. In general, the determinations 
were made on one polished section per specimen, except where in- 
consistencies were observed. In these cases, the specimen was 
reground and polished and the determinations repeated. How- 
ever, the inconsistencies tended to persist, which opens the 


possibility of inconsistent or unexplainable behavior by the entire 
specimen. 

Several of the curves of graphite-nodule size versus time at 
temperature showed this factor to be constant or to tend to be- 
come constant with time. It is not believed that such indications 
can be taken to mean that growth of the nodules had stopped, 
The nodules cannot be thought of as dense spheres expanding in 
size equally in all directions as carbon atoms are uniformly de- 
posited on the surface. Rather, the nodules are actually ex- 
tremely irregular in contour and encompass a large proportion of 
space not filled with carbon as they grow. It is probable that in 
reality this space is being filled in during periods when it seems, 
from over-all diameter measurements, that the nodules are not 
growing. 

Unaffected Parent Metal. For convenience, the results obtained 
for the unaffected parent metal of the various test materials will 
be discussed separately from those obtained for the Ac-~Aes 
region of the weld-heat-affeected zone. 

Heats 1 and 2 did not graphitize even after 8000 hr on teat. 
They were similar in composition; both contained substantially 
more nitrogen than aluminum. 

Heats 3 and 4 differed in composition from heats 1 and 2 prin- 
cipally in that both contained minimum amounts of nitrogen and 
comparatively large amounts of aluminum. These two heata 
graphitized the most readily of the entire group of test materials. 
Both showed about 90 per cent conversion after 8000 hr on test. 
In neither heat did the graphitization process appear to have an 
incubation period nor could effects of prior heat-treatment be dis- 
cerned, If nodule number can be considered equivalent to the 
number of nuclei present, then both heats showed a nucleation 
process proceeding with time at temperature, as a component of 
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the graphitization process. (As previously mentioned, the nodule- 
number curve for the specimens of heat 4 quenched from 1360 F 
seemed anomalous, 

Comparison of the behavior of heats | and 2 with heats 3 and 4 
suggests that when nitrogen content substantially exceeds alu- 
minum content the steel resists graphitization, but when aluminum 
content is far in excess of nitrogen content the steel is susceptible 
to graphitization, 

Some confirmation of this observation was found in a graphiti- 
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zation study reported by Wilder and Tyson (7). Among a group 
of 14 variously melted and deoxidized plain-carbon steels, which 
had been tested by these authors for periods up to 10,000 hr at 
900 F, 1050 F, and 1200 F, only one did not graphitize at least to 
some extent. This steel was the only one which contained sub- 
stantial nitrogen considerably in excess of its 
aluminum content, 

Heat 5 was the first of the series to which 
In addition, it contained minimum amounts of 
The heat graphitized, attaining a con- 


quantities of 


'/, per cent chromium 
had been added. 
tluminum and nitrogen. 
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version of about 60 per cent in 8000 hr. The '/, per cent chro- 
mium addition was definitely insufficient to inhibit graphitization. 
In this test material the graphitization process had an incubation 
period of about 500 hr. Graphitization seems to have been ac- 
complished chiefly by nodule growth, the rate of nucleation being 
low for the normalized specimens and nearly zero for the speci- 
mens quenched from 1360 F. The prior heat-treatments, how- 
ever, seemed to have little influence on the over-all progress of 
graphitization. 

Heats 6 and 7 were similar in composition. Both contained 
nitrogen substantially in excess of their aluminum content. Like 
heat 5, they graphitized. The normalized samples of each had an 
incubation period of about 1500 hr; the specimens of each that 
were quenched frem 1360 F had an incubation period of about 
500 hr. Each heat, in both conditions of prior heat-treatment, 
showed time rates of nucleation and growth. 

Heat 8, the last of the series to which chromium had been 
added, contained a minimum of nitrogen but was high in alu- 
It graphitized readily, showing an incubation 
Little difference was observed between 


minum content. 
period of about 100 hr. 
the set of specimens normalized before test and the set quenched 
from 1360 F before test, except for the seemingly anomalous 
downward turn of the nodule number versus time curves for the 
normalized specimens, 

It is of interest to compare the results obtained for heats 1 
through 8. The major difference in composition between heats 
land 2, on the one hand, and heats 6 and 7, on the other, seems 
to be the ehromium addition to the latter. Yet heats 6 and 7 
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graphitized, while heats | and 2 did not. This raises the possi- 
bility that small additions of chromium actually may promote 
graphitization, even though chromium is usually thought of as an 
inhibitor of graphitization. In this connection it may be noted 
that, in other investigations of the influence of chromium, it has 
been found that more than '/, per cent of this element must be 
present to insure the graphitization resistance of the steel (8). 
Graphitization frequently has been observed in steels containing 
'/, per cent chromium (9, 10). 

It may be speculated that an element which can control the 
graphitization process is nitrogen and that when this element is 
present in sufficient amounts it inhibita graphite formation. 
However, when it is removed, i.e., by the formation of aluminum 
nitride when sufficient quantities of aluminum are present, 
graphitization ean occur, Chromium is also a nitride former, and 
it may be that it is in this capacity that small amounts of chro- 
mium may promote graphitization. On the other hand, larger 
amounts of chromium may inhibit graphite formation by increns- 
ing the stability of the carbide phase, since chromium is also a 
powerful carbide former. 

Support for the supposition that nitrogen, when present in 
more than minimum quantities, can inhibit graphite formation is 
to be found in an investigation reported by Smith, Mac Millan, 
and Dulis (11). 
were stable around those samples which had been graphitization- 
Careful studies of the 


These authors found a rim where the carbides 


tested in air or in a nitrogen atmosphere, 
effect of heating atmospheres showed that penetration of nitrogen 
from the atmosphere had inhibited graphitization 

The supposition that small additions of chromium promote 
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graphitization also may explain, at least in part, the graphitiza- 
tion of heat 5. This heat showed graphitization susceptibility 
even though very low in aluminum. (It was also very low in 
nitrogen.) 

Heats 5, 6, and 7 were characterized by nodule-size curves 
showing an obvious increase in nodule size with time at tempera- 
ture, while for heats 3 and 4 (containing no chromium) nodule 
size was seemingly constant. The significance of this observation 
is not known. 

All of the chromium-bearing heats showed distinct incubation 
periods regardless of nitrogen and aluminum content. On the 
other hand, the chromium-free, high-aluminum, low-nitrogen 
heats thus far discussed showed no period of incubation in the 
graphitization process. This suggests that, though chromium 
in small amounts may promote graphitization, the '/, per cent 
chromium addition did not produce the effect of the high- 
aluminum additions, 

It was also of interest to note that in only the high-nitrogen 
heats, among the chromium-bearing series, was an effect due to 
prior heat-treatment discerned. In these heats, the normalizing 
treatment increased the length of the incubation period over that 
observed for the specimens water-quenched from 1360 F. 

Heat 8 was of special interest because it combined the '/, per 
cent chromium addition with high-aluminum and low-nitrogen con- 
tent. Thus it might be expected to behave like heats 3 and 4 
(high aluminum, low nitrogen), but with modifications in ac- 
cordance with any characteristics peculiar to the chromium ad- 
dition. The observations, in fact, bore out this expectation. Heat 
8 graphitized readily like heats 3 and 4. However, instead of 
showing no incubation period, like heats 3 and 4, or a compara- 
tively long one, like heats 5, 6, and 7, it showed a short one of 
about 100 hr. In this respect, its behavior was a compromise be- 
tween that of a high-aluminum chromium-free heat and a low- 
aluminum, high-nitrogen, chromium-bearing heat. As in the case 
of heats 3 and 4, prior heat-treatment seemed not to influence the 
length of the incubation period. Also, like heats 3 and 4, nodule 
size seemed to become constant with time at temperature. 

Heats 9, 10, 11, and 12 are distinguished from the others in 
that each contained additions of Mn, Si, 8, and P, in addition to 
Al and N, The trends found in the case of the preceding eight 
heats are not so clearly evident in these four heats, though they 
are, nevertheless, discernible. For example, heat 11 graphitized 
even though it contained about the same percentages of aluminum 
and nitrogen as heats 1 and 2, which did not graphitize. It may 
be speculated that one of the additional elements, like sulphur, 
may have promoted graphitization. Sulphides and graphite fre- 
quently have been observed in contact with each other in a 
manner suggesting nucleation of the graphite nodule by the sul- 
phide inclusion, On the other hand, heat 12, which was high in 
aluminum and low in nitrogen, graphitized readily but, unlike 
heats 3 and 4, showed a short incubation period. Again, it 
might be speculated that one of the other additional elements, 
perhaps manganese, had a retarding influence on the graphitiza- 
tion process, 

The normalized specimens of heat 9 showed a condition not 
observed to the same degree in other heats. Nodule number per 
unit aren was very low, but nodule size became exceptionally 
large at the end of 8000 hr. 

In the case of heats 9, 10, and even 11, the normalized speci- 
mens showed incubation periods longer than those observed for 
the specimens quenched from 1360 F, On the other hand, the re- 
sults for heat 12 indicated little effect due to prior heat-treat- 
ment. 

In examining the results for all 12 heats, a tendency was ob- 
served for the high-N low-Al heats to have the longer incubation 
periods generally, while the low-N high-Al heats tended to have 


the shorter incubation periods. Also, except when Al was very 
high and N very low, the normalized specimens tended to show 
longer incubation periods than the specimens quenched from 
1360 F. 

The Ag-Ag Region of Weld-Heat-Affected Zone. The data ob- 
tained on nodule size, nodule number, and the conversion of car- 
bide to graphite, as functions of time at temperature, for the 
Aer~Aca region of the weld-heat-affected zones of the test heats are 
given by the curves in Figs. 6 through 10, Though conversion 
curves are presented, they are not considered significant in them- 
selves, because of the likelihood that the graphite nodules in the 
Aer-Aes region received carbon from localities well outside this 
region. To confuse the issue further, these graphite nodules un- 
doubtedly received such carbon while numerous carbide par- 
ticles still remained within the Aa-—Acs region. 

Another factor which beclouds the data is that the weld beads 
were laid down on the test bars after they had been given their 
pretest heat-treatments. This circumstance arose from the fact 
that it had not been part of the original plan to study the in- 
fluence of welding. 

It was of interest to note, in examining the specimens, that in 
no case were dense localized concentrations of graphite observed 
in the weld-heat-affected zones of any of the specimens. No con- 
figurations were found which remotely approached the “eye- 
brow” or “chain”’ types of graphite formation sometimes observed 
in graphitized welded joints in steam lines. In fact, in most cases 
it could not be said that there had been any real concentration of 
graphite in the weld-heat-affected zone. 

In the case of heat 3, only the 500 and 1500-hr samples showed 
more numerous and larger nodules in the A.i-Ae3 zone than in the 
unaffected parent metal. This difference faded out with in- 
creased time at temperature until, at 8000 hr, the number of 
nodules per unit area in the unaffected parent metal exceeded 
considerably that in the Aci—Aca region. 

For heat 4, after the first 500 hr, there was little to distinguish 
the Aa-Ac; zone over the unaffected parent metal regarding 
graphitization. 

The behavior of heat 5 in the weld-heat-affected zone seemed 
inconsistent. The specimens quenched from 1360 F showed an 
incubation period of 1500 hr, while the normalized samples showed 
an incubation period of 100 hr. Some of this inconsistency may 
be attributed to difficulty encountered in locating the Aw and 
Ac isotherms in the metallographic sections of this series of 
specimens. 

In the case of heats 6 and 7, there was little to distinguish the 
graphitization in the Ae—Acs region from that in the unaffected 
parent metal. Any effects that might have been attributed to 
the heat-treatments prior to welding seemed obliterated by the 
welding operation. In the case of heat 6, the incubation period 
was the same length as that of the normalized unaffected parent 
metal. For heat 7, the incubation period was the same as that 
of the specimens of unaffected parent metal that had been 
quenched from 1360 F. 

The graphitization of heat 8 in the Au-Ac: region was quite 
similar to that in the unaffected parent metal. The incubation 
periods for both regions were about 100 hr. 

There was little to distinguish the graphitization in the Aa~ 
Aca region of those specimens of heat 9 that had been quenched 
from 1360 F over that in the unaffected parent metal of the same 
specimens, However, in the normalized specimens, some ap- 
parent concentration of graphite in the Ac—Aca zone occurred. 
This arose from the extremely low nodule-number count in the 
unaffected parent metal for this material. 

For heat 10, nodule number tended to be less while nodule size 
tended to be somewhat greater in the Ac:Ac: region than in 
the unaffected parent metal. 
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In heat 12, graphite in the Ac—Acg region was quite similar to 
_ that in the unaffected parent metal. 

It appears that generalizations cannot be made regarding most 
aspects of the graphitization process in the Aa-Ae regions of 
the test materials. However, one observation can be made. 
_ Just as in the unaffected parent metal, there was a tendency for 
those heats high in N and low in Al to have the longer incubation 
_ periods while the low-N high-Al heats tended to have the shorter 
incubation periods. Also, the preponderance of evidence sup- 
ported the thesis that the graphitization process in the Aa-Ae 

region takes place by a nucleation and growth mechanism. 


CONCLUSIONS 


| High total aluminum content, in the presence of mini- 
mum amounts of nitrogen, promoted susceptibility toward 

2 i [ the total 

_ This was brought about by extension of the incubation period 
in the graphitization process. In two cases, no graphitization 
occurred even after 8000 hr on test. Perhaps it could be said 
that, in these instances, the incubation period exceeded 8000 hr. 

3 Additions of '/, per cent chromium appeared to promote 
-graphitization, even though chromium in amounts exceeding '/; 
per cent renders steel very resistant to graphitization. The ef- 
fectof the '/, per cent chromium addition, however, was not equiva- 
lent to that produced by the high-aluminum additions, and 
the process had an incubation period when chromium was present. 

t Normalizing at 1700 F prior to the graphitization test 
tended to increase the incubation period in the graphitization 
process, except when Al was very high and N was very low. 
Under the latter conditions, the normalizing treatment was 
ineffective. 

The effect of heat-treatment was not discernible in the weld- 
heat-affected zones of the test materials, probably because the 
weld bead had been laid after the heat-treating operation. 

5 From the behavior of heats 9, 10, 11, and 12, it was specu- 
lated that some of the other elements besides Al, N, and Cr might 
influence the graphitization process. For example, sulphur might 
promote it, while manganese might tend to retard it. 

6 The graphitization process generally took place by means 
of a nucleation and growth mechanism both in the Aec-Aes 
region of the weld-heat-affected zone of the test materials and 
in the unaffected parent metal. This mechanism usually seemed 
to involve a time rate of nucleation. 
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Discussion 


FLoyp Brown.’ The effects of third elements on the graphi- — 
tization of carbide is of particular importance in the manufacture 
of the It is always interesting to compare — 
the results of investigations on graphitization in steel, which has 
been actively studied for less than two decades, with the volumi- 
nous literature on graphitization in cast iron reaching back to 
the turn of the century. A study of this literature suggests that 
only a very few elements are inherent graphitizers, such as copper 
and nickel (and perhaps a few of the noble metals), and that most 
elements act as if they are graphitizers because they are, in fact, 
scavengers of other elements which are strong carbide stabilizers. 
The following are observations on cast irons related to the subject e, 
paper, 


yarious cast irons. 


1 Wiist observed that in small quantities aluminum incastiron 
increased the tendency for carbon to exist as graphite rather than 
as carbide, although in larger quantities the effect reversed and . 
aluminum appeared to behave as an intrinsic stabilizer of car- 
bide.® 

2 Nitrogen has been shown to stabilize graphitization in 
various cast-iron types, an effect which is counteracted by the 
addition of aluminum,” 


3. The behavior which the authors found in steels with | 
chromium contents of about '/, per cent is reflected in somewhat - 
similar behavior in cast iron.* 

4 Both manganese and sulphur are known to be strong carbide 
stabilizers, and a large segment of the malleable-iron industry 
hinges in fact upon the tendency of high manganese to stabilize 
the eutectoid carbide to yield a pearlitic malleable iron, while the 
remainder of the industry carefully balances the sulphur against 
the manganese to promote the graphitization of this eutectoid 
carbide. (The optimum manganese/sulphur ratios for these 
two purposes were determined with care in the laboratory by 
Relder.*) 

5 The coalescence of graphite nodules, which as the authors 


recognized may have occurred in some instances in steels, has 
been rather convincingly documented in malleable cast irons." 


* Research Associate Professor of Metallurgy, North Carolina 
State College, Raleigh, N.C. 

*“Hochwertiges Gusseisen,” data summarized by E. Piwowarsky, 
J. Springer, Berlin, Germany, 1942, p. 105 

7Some Effects of Nitrogen in Cast Iron,” by J. V. Davison 
L. W. L. Smith, and B. B. Bach, Journal of Research and Der., 
BCIRA, vol. 4, June, 1953, p. 540. 

* J. W. Donaldson, Foundry Trade Journal (quoted by Piwowar- 
sky ). Op eit... p 738; vol. 40, 1929, p. 489. 

** The Effect of Mn/S Ratio on the Rate of Anneal of Blackheart 
Malleable Iron,” by J. E. Rehder, Trans. AFS, vol. 56, 1948, p. 138. 

Kinetics of Graphitization in Cast Iron,” by B. F. Brown and | 
M. 1. Hawkes, Trans. AFS, vol. 59, 1951, p. 181. 


; vat 11, gr tization i region lagged t 
uffected parent metal. 
| 
a It is believed that tentative conclusions are a 
| 


TRANSACTIONS OF THE ASME 


A. B. Wivper.’* The authors have presented information 
of a fundamental nature on the graphitization of steel. They 
have referred to our work on the influence of nitrogen in carbon 
steel and on graphitization after the steel had been exposed for 
10,000 br at elevated temperatures. We have observed recently 
that carbon steels not killed with aluminum and containing about 
0.015 per cent nitrogen did not graphitize after 34,000 hr exposure 
at 900 F and 1050 F. Similar steels with 0.005 per cent nitrogen 
graphitized. 

The authors observed that '/, per cent chromium appeared to 
promote graphitization. We believe steel should contain about 
1 per cent chromium and then graphitization will be avoided. 
Although some electric-furnace steels contain about 0.015 per 
which inhibits graphitization, there have been 
with nitrogen and 
Under these 


cent nitrogen, 
indications that chromium may combine 


therefore remove the effectiveness of nitrogen. 


1! Chief Metallurgist, National Tube Division, U. 8. Steel Corpora- 
tion, Pittsburgh, Pa. 


| 


conditions the effectiveness of chromium as an inhibitor of graphi- 
tization would be retarded, and this may explain why small 
amounts of chromium appear to promote graphitization. 

AISI C-1118 steel with 0.16% C, 1.65% Mn, 0.121% 8, and 
0.047% Al, and AISI C-1137 steel with 0.37% C, 1.51% Mn, 
0.129% 8, and 0.023% Al were exposed for 34,000 hr at 900 F 
and 1050 F. Graphitization was only observed in C-1137 steel. 
The presence of sulphur and possibly manganese were responsible 
for the absence of graphitization in the C-1118 steel. Both steels 
contained an appreciable amount of aluminum. 


AvutHors’ CLOSURE 


The authors wish to express their appreciation to Professor 
Brown and Dr. Wilder for their interesting and valuable 
cussions. The authors are particularly gratified that additional 
information was bought out which tends to support their obser- 
vations regarding the influence of small amounts of chromium. 
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[Dynamic Characteristics 


The aLeae high and low-temperature properties of 
silicone rubber have made it a desirable materia! for vibra- 
tion isolators designed for service at temperature extremes. 
In general, silicone cannot be substituted directly for such 
elastomers as natural rubber and neoprene in established 
This lack of interchangeability results princi- 
pally from the lower tensile strength and the unusual 
A program 
to investigate the dynamic properties of silicone rubber 


designs. 
load-deflection characteristics of the material. 


was undertaken to provide the design engineer with in- 
formation which would allow the material to be utilized 
properly. This paper deals with the viscoelastic proper- 
ties of silicone rubber under various conditions of strain, 
Where possible, compari- 


frequency, and temperature. 
sons are made with natural rubber. 


VISCOELASTICITY 


Se! el 
HE application of sinusoidal deformation to a viscoelastic 
If the 
the resisting force is 


material results in the generation of a resisting force. 


force-deflection relation is linear, 


also sinusoidal. The presence of internal friction causes a phase 
difference between the foree and the deformation. The total 
force can be represented as a vector which can be resolved into 
two components, one in phase with the strain and one 90 deg out 
We shall refer to these forces as elastic and viscous com- 
The relationship between the total force and its com- 
ponents is shown in Fig. | where Fy, Fy, and Fy 


of phase. 
ponents 
represent the 
total force and its elastic and viseous components, respectively. 


Fic. 


Ss The magnitude of the components of force depends upon the 
amplitude of deflection, the shape and size of the test specimen, 
and the dynamic modulus of the material. The dynamic modu- 
lus can best be represented by complex notation. If the complex 
dynamic shear modulus is represented by G* and its real and 
imaginary components by G’ and G", 


Force Its Com- 


PONENTS 


ReELATIONSHIE TAl AND 


then 
* = G’ + it” 

Freq 
where G’ = = 

X 
¥ X = amplitude of deflection, in. 
- q = shape factor dependent on size and shape of test 
specimen, | per in 


Letting | G* | represent the absolute value of dynamic shear 
modulus, we have 


ViGr+ay 


' Research Engineer, Lord Manufacturing Company. 

Contributed by the Rubber and Plastics Division and presented at 
the Annual Meeting, New York, N. Y., November 29-December 4, 
1953, of Tue American Society or Mecnanicat Enctneers. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Manuscript received at ASME = Mondquentens. August 
6, 1953. Paper No. 53-——A-88. 


By G. W. PAINTER,' ERIE, PA 


interest 


of Silicone Rubber 


will be shown that the in this wor k allows 


/* and G@" to be measured directly. G’ is then caleulated. 


Test 

The dynamic modulus of elastomers has been measured by a 
wide variety of methods (1-7).2 The investigators naturally 
have designed their apparatus to explore the variation of modulus 
over a specific range of test conditions in which they 
ticular interest. As a result, 
cover a very wide frequency at very low amplitude, and others 
cover « limited frequency range but allow considerable amplitude 
variation. 


had par- 
some machines are well-suited to 


The equipment employed in the present case was 
designed to measure the modulus of elastomers under conditions 
of strain, temperature, and frequency which are of particular 
the designer of vibration Particular 
emphasis has been placed on the precision of measurement, 
simplicity and speed of operation, and flexibility to allow measure- 
ments to be made throughout a variety of test conditions. <A 
description of an early version of the testing machine has been 
given the author (8) in an earlier paper to which the 
reader is referred for details of the testing method not reported 


to isolators 


by 


here. 
The test apparatus consists of three functional divisions: 


1 A flexometer which deflects the test specimen through the 
desired amplitude 

2 Two strain-gage pickups and a steel-beam spring for pro- 
ducing electrical signals proportional to |@*| and G’. 

3 An amplifier-voltmeter cireuit which amplifies and measures 
the signal produced by the pickups 


The force-sensing part of the apparatus is shown in Fig. 2. 
Each of the pickups consists of a thin-walled steel tube with two 
strain gages cemented on longitudinally and opposite to each 
other. The four gages make up four arms of a Wheatstone bridge 
excited by a 2000-cycle carrier current. When force is applied 
to the end of either pickup, one gage will be placed in tension 
and the opposite one in compression. Bridge connections are 80 
made that the electrical signals produced by the two gages on # 
given pickup will be added. 


The machine is calibrated by placing a steel ball between the : 
lower pickup and a previously calibrated steel-beam spring | 


which passes above it. The steel spring is attached to the os- 
cillating platen, and the signal which the spring generates in the 


_lower pickup is proportional to the amplitude of motion and the 


stiffness of the spring. The electric circuit is then calibrated by 
adjusting an amplifier-gain control until the voltmeter reading is 
equai to Kq X 10°*, where K = spring rate of beam spring, 
lb per in., and g = shape factor applicable to test specimen to be 
used, 1 per in. 

This method of calibration allows the operator to read |G* 
directly when the ball is removed and the 
tached to the lower pickup and deflected through the same am 
plitude. During calibration and during the measurement of 
lG*, the upper pickup is not subjected to any foree and its 
In measuring G", the 
steel ball is placed between the spring and the upper pickup 
The upper pickup can be rotated about its longitudinal axis 
and, since the steel spring has negligible hysteresis, the force 


test specimen is at- 


strain gages serve as dummy resistors 


2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 


1131 


4 
: 
7 7 
» 
i 
= 
| 


TRANSACTIONS OF THE ASME 


which it applies to the upper pickup is in phase with the platen 
motion. The electrical signal produced by the gages in the upper 
pickup will be either in phase or 180 deg out of phase with the 
signal produced in the lower pickup by the elastic-force com- 
ponent F,, depending upon the bridge connections. When 
the upper pickup is rotated, the amplitude of the signal pro- 
duced by its gages is changed since the position of the gages 
relative to the neutral strain axis is altered. G” is measured by 
rotating the upper pickup slowly until a minimum voltmeter 
reading occurs. This minimum will appear when the signal 
produced by the upper pickup is exactly equal and opposite to 
that produced by the ’g-component acting on the lower pickup. 
Thus the voltmeter reading is proportional to Fy and equals G”. 


RANGE AND Precision or Test EqQuirpMENT 


The double amplitude of dynamic deflection is variable from 0 
to 0.250 in., although 0.004 in. ordinarily represents the lowest 
amplitude at which G” can be measured accurately. Except for 
the results, given in Fig. 10, in which dynamic strain was varied, 
a dynamic double amplitude of 0.01 in. (0.02 in. per in. dynamic 
strain) has been employed throughout this work. 

Tests can be conducted on both shear and compression s)cci- 
mens either bonded or unbonded. When running tests on un- 
bonded specimens it is necessary to supply sufficient precompres- 
sion to avoid slipping. 


STRAIN ADJ. 


Fra. 2 APPARATUS 


Although all of the dynamie shear-modulus results reported 
here were obtained on the ASTM shear specimen (designed 
originally for use with the Yerzley oscillograph), it is possible to 
conduct tests on double or single shear specimens having a shear 
wall as high as 1 in. or as low as desired. When the ASTM 
specimen is used, the static deflection across the specimen 
perpendicular to the direction of shear strain is variable from 0 
to 0.5 in. in tension and from 0 to 0.3 in. in compression. The 
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static shear deflection can be varied from 0 to 0.5 in. All of 
the static-strain adjustments are continuously variable within the 
given limits and can be made with or without the flexometer in 
operation by turning a strain-control screw, Fig. 2. 

Variable temperature tests employing air as the cooling 
medium are made by placing a small insulated enclosure over 
the upper section of the flexometer. Heated or cooled air is 
supplied to this chamber from an external temperature-control 
unit. The data reported on the dynamic properties of silicone 
compounds SE450 and SE550 at very low temperatures were ob- 
tained with the test specimen immersed in a bath of isopropyl 
alcohol and dry ice. 

The frequency is ordinarily variable from 15 to 60 cycles per 
second (eps) although the lower limit could be reduced readily 
to 3 eps by employing a low-frequency vacuum-tube voltmeter. 
In this work a Brush Development Company recorder was used 
to extend the lower frequency limit to 1.6 eps. Except for cer- 
tain results, given in Fig. 9, all tests were run at 24 eps. 

The precision of the machine at room temperature has been 
checked by allowing two operators to conduct tests independently 
on 100 test specimens. A statistical analysis of the results in- 
dicated no significant difference in the means of the measurements 
obtained by the two operators and a testing-error coefficient of 
variation (standard deviation divided by the mean) of less than 
1 per cent. 


Test Resutts 


The elastomers investigated include silicone-rubber com- 
pounds SE450 and 8550 produced by the General Electric Com- 
pany and a soft natural-rubber compound. The composition of 
the natural-rubber compound is given in Table 1. 

TABLE 1 NATURAL-RUBBER COMPOUND A 
Smoked sheet. os 


Ethyl zimate. 


1 
2 
. 10 
§ 
1 
0 
2 


The curing cycle employed in making the silicone specimens is 
as follows: 


ve 2 hours at 300 F. 
going from 300 F to 400 F. 
2 hours at 400 F. 
wee tal 2 hours going from 400 F to 480 F. 
24 hours at 480 F. 


The natural-rubber compound was cured at 274 F for 45 min. 
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Srrain Errecrs 


All elastomers are known to be changed permanently when 
they are subjected to strain. Quite often the effect of strain 
upon the viscoelastic properties is so slight that it is of no “prac- 
tical’ importance. The modulus of silicone rubber is markedly 
changed by strain, however. This phenomenon is shown in Fig. 
3 which consists of a series of load-deflection curves obtained by 
subjecting a specimen made in SE450 to a number of cyclic shear 
deformations. The testing apparatus employed was a Tate- 
Emery machine which plots force versus deflection directly. 
After the completion of each cycle, the curve-tracing pen was 
shifted along the deflection axis and another force-deflection cycle 
was traced. 

At strains which do not exceed 0.30 in. per in. the material 
undergoes virtually no change in stiffness. As the degree of 
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DYNAMIC ELASTIC SHEAR MODULUS IN LB/IN2 


& 4 6 8 
STATIC SHEAR STRAIN IN IN. 


bic. 4 Vartatton or Dynamic Evastic Wrrn 
Static SHEAR STRAIN 


strain is increased further, the load-deflection curve exhibits an 
abrupt reduction in slope when the strain exceeds the maximum 
reached in a previous cycle. This behavior probably results 
from the rupture of various structural bonds either between the 
polymer and the filler or between the polymer molecules. Nearly 
all of the bonds can withstand a macro strain of 0.30 in. per in. 
but more and more of them break as the strain is increased beyond 
this value. A reduction in stiffness brought about by strain has 
been noted in natural rubber and neoprene, particularly in com- 
pounds employing a high carbon-black content. The strue- 
tural breakdown in these elastomers is considerably less pro- 
nounced than in silicone, however, and the structure tends to re- 
build partially if the material is allowed to “rest”’ for a few days. 
No recovery of the silicone was noted when the tests were re- 
peated after 10 days. It is possible that a longer period of time 
might bring about some degree of structural recovery. 

Fig. 4, which shows the variation of dynamic elastic shear mod- 
ulus (@’) with static shear strain, indicates that the structural 
breakdown also is reflected in the dynamic stiffness. The first 
cycle curves were run on previously undeflected test specimens by 
subjecting them to an increasing static strain while applying an 
alternating double-amplitude strain of 0.020 in. per in. After 
reaching a static strain of approximately 0.95 in per in. the strain 
was reduced to zero, and the entire cycle was then repeated, 
The second cycles are seen to exhibit a considerably lower dynamic 
stiffness. Additional cycles (not shown) gave curves which are 
practically identical to those obtained during the second eyele. 

The variation of modulus with static strain is considerably 
more pronounced in silicone rubber than in natural rubber. 
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. 6 Vortation or Dynamic ano Static Compression 
Wirn Compressive 


nw 
Gx io? w LB 


a4 
TENSION PRESTRAIN IN IN /IN. 


hic. 7) Errect or Static Compression «np Tension Prestrain 
Apptiep To Direction or Dynamic Sapan Strain 


This is shown in Figs. 5,6, and 7. Fig. 5 demonstrates the effect 
of shear strain upon both the static and dynamic elastic-shear 
modulus of compound SE450. Both the statie and dynamic 
moduli experience a sharp rise with increasing strain above 0.50. 
The statie-modulus values were obtained by taking the slope of 
the static load-deflection curve at various strains. Natural rub- 
her exhibits very little change even at 1 in. per in. strain. 

Static and dynamie compression modulus versus static com- 
are given in Fig. 6 


pression-strain curves The bonded com- 


| 
— 

/ 
£5290 
, 
: 
At 


pression specimen used had a load area to bulge area ratio of 0.32. 
As in Fig. 5, the silicone compound exhibits a greater degree of 
nonlinearity in its modulus-strain curve than does natural rubber, 
Vig. 7 shows the effect of tension and compression prestrain, ap- 
plied perpendicular to the direction of dynamic shear strain, 
upon the elastic and viscous components of dynamic modulus. 
Here again, the static strain is seen to have a marked effect upon 
the dynamie modulus of the silicone compound. 

\s shown in Fig. 10, the amplitude of dynamic strain (within 
the dynamiec-strain range covered) affects the dynamic-modulus 
components of silicone and natural rubber similarly. The prin- 
cipal difference shown is the much higher value of the viscous 
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VARIATION OF G’ anv G” Witrn TemPerRaTURE 


component G", exhibited by silicone rubber. The curves rep- 
resenting the variation of the elastic component G’, are seen to 
coincide 
TeMPERATURE Errects 

The most desirable property which silicone possesses is its 
maintenance of room-temperature properties over an extended 
temperature range. A comparison between a 45 durometer nat- 
silicone compounds S450 and 
81550 in regard to the variation of dynamic modulus with tem- 
perature is given in Fig. 8. Both silicone compounds are seen to 
remain flexible at temperatures considerably below the point at 
which the natural-rubber modulus-temperature curve exhibits a 
steep slope. 


ural-rubber compound and 


Compound S550, designed especially for low- 
temperature flexibility, showed but little change in elastic modu- 
lus even at —100 F. 

VARIATION OF MopuLus Wrrn FrequEeNcY 


The term “static modulus” is, of course, a misnomer since 
statice-modulus tests are actually dynamic tests carried out at low 
velocities of strain. Static-modulus values given here, Figs. 5 
and 6, are derived from the slope of load-deflection curves ob- 
tained at a strain velocity of approximately 1 in, per in. per min- 
ute, 

It is interesting to compare the static and dynamic-modulus 
values of natural-rubber and silicone-rubber compound 81450 
given in Fig. 5. The natural-rubber compound is seen to have a 
higher static modulus but a slightly lower dynamic modulus than 
compound Sk450. This behavior is somewhat clarified by Fig. 9 
which shows the variation of the total shear modulus over a fre- 
Throughout most of the 
frequency range the silicone compound has the higher modulus. 
At the lower frequency limit the modulus of SE450 falls below 
that of natural rubber, The relatively flat modulus versus fre- 
quency curve shown here should not be interpreted as applying 


quency range from 96 epm to 3600 epm. 
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to natural-rubber compounds in general, For example, Philip- 
poff, who performed dynamic modulus measurements on both gum 
and tread natural-rubber compounds, found that the 
gum rubber was constant from 0.0001 cps to 100 eps. He found 
a very considerable increase in G’ with increasing frequency in 
tread stocks, however. Natural-rubber compound A contains a 
carbon loading which is representative of that normally em- 
The effect of frequency shown 
here is considered to be typical for most isolators made in na- 
tural rubber. 


7’ of 


ployed in vibration isolators. 


SUMMARY 


A dynamic modulus-testing machine having considerable 
flexibility and high efficiency of operation has been described. 
Comparisons between the viscoelastic properties of silicone rub- 
ber and natural rubber have been made at various conditions of 
strain, temperature, and frequency. 

The excellent low-temperature properties of silicone rubber 
provide the vibration-isolator designer with a material which will 
allow the isolator to function properly at —100 F. Although the 
modulus of the material is affected considerably more by static 
strain than is natural rubber, provision for this characteristic can 
be made in design. 
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Discussion 
S$. D. Geuman.’ As stated in the introduction it is quite true 
that a linear viscoelastic system will respond to a sinusoidal strain 
with a sinusoidal resisting force. But the system under study is 
Since the calculations assume a sinusoidal re- 


any of the work. Apparently it does not. Rubber compounds 
which show a very pronounced nonlinearity when the dy- 
namic properties are measured as a function of amplitude, still 
give a response at any one amplitude which is practically free of 
In fact, a train of free oscillations of a rubber- 
nonlinearity of the sys- 


harmonic content. 
mass system also does not betray the 
tem. It appears as if rubber assumes a different temporary equi- 
librium molecular structure corresponding to each amplitude of 
vibration. This structure responds in a sinusoidal way. But if 
the amplitude is changed, the system can be shown to be non- 
linear. For the train of free vibrations, the “structural memory” 
from the first vibration appears to be sufficient to obscure the 


nonlinearity even though the amplitude changes. 


The calibration procedure assumes that the steel spring and 


ball move in phase with the platen. This requirement is met only 


if the natural frequency of the system is large compared to the 


Although this condition is no doubt realized, 


The Goodyear Tire & Rubber Company, Akron, Ohio 


DYNAMIC CHARACTERISTICS OF SILICONE 


RUBBER 


it would be reassuring if the frequeney of the spring-and-ball eom- 


bination were given 

The relatively high stiffening temperature shown for natural 
rubber in Fig. 8 of the paper is noteworthy. A “statie’’ test un- 
doubtedly would give a much lower stiffening point. Thus, 
temperature is lowered, the dynamic properties are impaired first. 
Rubber loses the ability to respond to rapid forces in a rubber- 
like way long before there is any serious stiffening apparent in a 
conventional modulus test. The curve for G” for natural rubber 
is not included on the graph, but, as with the silicone rubbers, G"” 
for natural rubber is more sensitive to temperature than is @’. 

It is unfortunate that studies such as this must be made with 
silicone rubbers having unspecified filler contents. Undoubtedly 
the filler is largely responsible for many features of the results. 
The statement in the summary that the viscoelastic properties of 


as the 


silicone rubber have been compared with those of natural rubber 
must be construed to take this situation into account 


AuTHor’'s CLOSURE 


The author wishes to thank Dr. Gehman for his excellent dis- 
CUSSION 

The accuracy of the test method would be adversely affected by 
This was 
The effect. of nonlinear- 


the presence of nonlinearities discussed at some 
length by the author in an earlier paper. 
ity has been investigated by employing a wave analyzer to 
These har- 
monics have been found to be negligibly small except in cases 


conditions where the 


measure the magnitude of higher harmonics of force 


modulus was measured under 
stress-strain curve exhibited «a rapidly changing slope _ 
example, it would not be advisable to attempt to measure the — 
internal-friction component under the conditions described in i 
hig. 6 except at very low amplitudes of dynamic strain, 

The natural frequency of the steel spring is approximately 00 
cps. Since the maximum frequency of the machine is 60 eps, 
there is no possibility that the spring and platen will be out of 
phase. 

The author does not mean to imply that this paper provides a 
general comparison between the dynamic properties of natural 
rubber and silicone. Dr. Gehman (2) and others (3 to 5) have 
shown that the type and amount of filler used in natural rubber 
has a marked effeet upon the dynamic characteristics, The 
natural-rubber compound investigated in the present work was 
chosen as a typical stock having about the same stiffness as the 
silicone compounds. The information obtained is considered to 
be representative of soft natural rubber and silicone compounds 
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Svnthesis of the Four-Bar Mechanism When. 


the Position of Two Members Is Prescribed 


By B. W. SHAFFER! anv I. COCHIN,? NEW YORK, N. Y. 


The four-bar mechanism is analyzed, and a differential 
equation is derived which tells whether or not it is possible 
to find a particular design in which the position of the 
driver and follower are related by a prescribed function 
during the entire range of operation. If there is such a 
mechanism, the length required for each of the links may 
be found by substituting into the appropriate equations, 
also derived in this paper. 


INTRODUCTION 


HE problem to be considered in this paper is the design of 

a four-bar mechanism shown in Fig. 1, in which the position 

of the follower arm ut is to be related to the position of the 
driving arm rs, in a prescribed manner during the entire range of 
operation. If y is the angle the driver makes with the fixed link, 
and ¥ is the angle the follower makes with the fixed link, then the 
relationship between the two, prescribed in advance, is some func- 
tion 


Problems of this type have been considered by some recent in- 
vestigators* ‘ but they were not primarily concerned, as we are in 
this paper, with finding an exact analytical solution to the prob- 
lem. 

Not all relationships such as Equation [1] can be reproduced 
exactly by the four-bar mechanism, for if they could, there would 
be no need for any of the other configurations now being used for 
similar purposes. It seems reasonable, therefore, to devise a test 
which would indicate whether or not a prescribed function can be 
reproduced by some four-bar mechanism. If it passes this test, 
we know there is such a mechanism and can proceed to find the 
required design proportions. 

We will as<ume, as is customary with the design of such mecha- 
nisms, that the links are rigid. ven though there will be some 
elastic strain in an actual mechanism, the order of magnitude of 
the resulting deformations will be very much smaller than the 
order of magnitude of the actual movement of the links them- 
selves, and, therefore, rigidity of the members is a reasonable 
assumption, 

No restriction will be made, in the development to follow, on the 
range of the input angle yg. As a result, the method will be 
equally applicable to a problem in which the driving link is to 


' Associate Professor, Mechanical Engineering Departinent, New 
York University. Assoc. Mem. ASME 

? Research Associate, Mechanical Engineering Department, New 
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** Analysis of the Four-Bar Mechanism: Its Application to the 
Synthesis of Mechanisms,”’ by J. A. Hrones and G. L. Nelson, John 
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oscillate through a finite angle, and to the problem in which the 
driving link is to rotate continually a full revolution. 


DeveLopmMent or Requirep Equations 


If one is interested in the relationship between the angles g and 
Y, as we are in this problem, it is obvious that once the nr en a 
design is found it is easy to find an entire family of four- bar a 
mechanisms that will do the same job, by simply enlarging or re- — 
dueing the original solution. For any one design within this — 
family, there are four unknowns a, b, c, and d, corresponding to the 


length of each of the links shown in Fig. 1. 


Fic. 1) Tur Four-Ban Mecuynism 


This family of designs can be avoided, and at the same time the 
number of unknowns in the problem can be reduced to three by er 
choosing a seale for which the length of the fixed link is unity, and — 
the lengths of the remaining links are A, B, and C. In terms of © 
the dimensions a, b, ¢, and d, the numerical values A, B, and C u 
also may be thought of as dimensionless ratios ad, b/d, and e/d, 
respectively. 

Let us examine the geometry of the four-bar mechanism shown 
in Fig. 2, where the links are shown to be equal to A, B, C, and 1, 
in order to find an equation relating the position of the output 
link to the position of the input link. The original mechanism is 
shown by the solid lines joining the points r, s, t, and u, and the 
construction lines are shown by the dashed lines. Vssentially, 
there are two groups of construction lines which are of interest. 
The first group was obtained by drawing tv parallel and equal to 
er, and rv parallel and equal to st. The second group was obtained 
by drawing lines from u to vr, from r to t, and from «tos. These 
lines are of length FE, F, and G, respectively, when the fixed link is 
equal to unity. 

Some of the included angles are also of interest in the analysis, 
and they have been labeled y, y, 9, and A. They will be con- 
sidered positive when measured in the counterclockwise direction, 
The input angle, which is, in fact, the independent variable of the 
mechanism once it is designed, is designated by the letter g. The 
output angle is called y. As stated in the first section, these two 
angles are to be related by the prescribed function, 7 is the angle © 
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vru, equal to the angle link st makes with the fixed link, and X is 
the angle ulv, numerically equal to (y ¢). 

The various lengths and angles shown in Fig. 2 are related to 
each other by the facet that rstur forms a closed loop. This ad | 


ConstaecTion Lines NeEDED FOR THE DERIVATION OF 


THE EQuATION OF STATE 


implies that the sum of the components of the lengths A, B, and 
Cin the direction of the fixed link is equal to 1. Stated in terms 
of the lengths and angles described previously 


{cos + B + C cos(r — y) = 1 


However, in view of the results found in applying the law of 
cosines to triangles, rsu, reu, and rtu, respectively 
+ 


- 4 


A cos 9 
+ 1— 
2 


B cos 7 


C' cos (9 Y) 


Nquation [2] can be written 


A? + B24+C?+4+1 = Et + + @ 


Written in this form, the equation states that the sum of the 
squares of the sides of the four-bar mechanism is equal to the sum 
of the squares of the three lines constructed previously. 

Should we now apply the law of cosines to triangle u, t, v, we 
find that 


BE? = A? + C?— 2AC cos X... . 


and in view of Equations [8c] and [3a], which can be rewritten 


1 


2AC cos X + cos y.. {6} 


2C' cos — ¥) 
G7? = A? + 1 2A cos ¢ 
Nquation [4] ean be rewritten 


B? = 1 + 2A cos 


Only the cosine of the angle, not the angle itself, appears in 
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Equation [6]. 
identities 


avr to, 


We find it convenient, therefore, to introduce the 
. [7a] 


. (7b) 


[7e] 


= COB g.. 
= cos 


2 = Cos 


into Equation [6], so that it reads 


= 1 + A® + C? — 24x —2ACz + Wy.. [Ra | 


where 


- . [8b] 


Hquation [8] is an equation of state, relating the output angle 
y. the input angle gy, and the length of each of the links. This 
expression is, in fact, the general solution of all functions that will 


z= 
2 


cos (¥ 


satisfy the requirements of the problem. 

It is possible to rewrite this equation of state in many different 
forms. One of these forms, an explicit equation for y, is found in 
the Appendix. In general, a given expression may not look ex- 
actly like either one of these equations and yet belong to the 
family of solutions described by the equation of state. One can 
recognize all such equations by reducing them to one of the recog- 
nizable forms, or by noting that all forms of the equation of state 
must satisfy the same differential equation. The first method 
may prove cumbersome and time-consuming because in practice 
it may not represent a straightforward procedure. The latter 
method, involving the use of a differential equation, is to be pre- 
ferred, 

This differential equation, to be called the compatibility equa- 
tion, can be found by differentiating Equation [8] three times 
with respect to the independent variable x. In performing this 
differentiation, it should be remembered that A, B, and C' are 
constants. The first differentiation, it is found, yields 


The second vields 


ive 
0 =" 


and the third 


z"y 
(y")? 


I-quation [LL] is the compatibility equation for the four-bar 
mechanism. The prime shown with y and z indicates the first 
derivative with respect to z. Double prime indicates the second 
derivative, while triple prime indicates the third derivative. 
The derivatives of y will depend on the prescribed function, 
written 


y= 


which, in view of Equation [7], corresponds to Equation [1]. The 
derivatives of z have been evaluated in the Appendix. 


Discussion OF RESULTS 


It is possible to determine whether or not a four-bar mechanism 
can be designed in which the position of the driver and follower 
arm are related by a prescribed function, merely by substituting 
the given expression into Equation [11]. If this compatibility 
equation is satisfied, there is a four-bar mechanism that will do 
> 
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Be 
2 
the third derivatives, as in Equation (11 |, for 


if a function satisfies Equation [11], it would yield a constant Where 
value for A, evaluated in Equation {10}, for all numerical values K = A*—B94(941 

of the independent variable. In some cases it may be easier to 

check this fact numerically, instead of proceeding with another Then, equate Equation [8b] and Equation [13a], rearrange 
differentiation. terms, and square, to find 

Once it has been established that the required design exists, the , 

A can be found by substituting the : kK rm y?) 
second derivative of the function into Equation [10]. A subse- ‘ 2AC ‘ 
- quent substitution into Equation [9] wili yield the length C, and 
then, Equation [8] will vield the length B. Knowing the length 
of each of these members completes the design of the required 
mechanism, 

It may be found that the compatibility equation is not satisfied 
for all possible values of ., but only for a finite range of real values, 

2) <2 <2. Should a situation of this type arise, it merely 
implies that the resulting design will be one in which the input (Hy + J)? = (1 —2*) (1 — y*) (D....... 150) 

2a. angle will be restricted by the physical design of the mechanism to 
lie between the corresponding angular limits. A similar situation Expand and collect equal powers of y 
~ might arise whenever the numerical approach is used. It also will 
mean that the mechanism will lock whenever an attempt is made = (//? + / Ix*)y? + (2HJ)y + (J* T + Jr?) = 0. . [16] . 
_ to exceed the bounds on the input angle. Nevertheless, the length WF 
of each of the members will still he given by Equations {10}, [9], so that we can solve, and find t 
and [8], whenever the appropriate substitution is made. 4+ AK 4+2)2-—-K4AL 

There are relatively few relationships that can be reproduced 
exactly by the four-bar mechanism. In faet, the general solution WACE + 2(A* 
of all the expressions that do is given by Equation [8], or the ex- here 

plicit form Equations [17] of the Appendix. 

There are numerous relationships which can only be approxi- 
mated by the four-bar mechanism. These functions will not 
satisfy the compatibility equation over an entire range, but will 
do so at a finite number of points. A physical design may be found 
corresponding to each of these points, and the resulting approxi- 
mation may be checked by analysis. 

For example, if we set Equation [31] (Appendix) equal to zero, Recall from Equation [8b] that 
the roots 7, .. . ., are points for which the compatibility 
equation is satisfied, These roots, when introduced into Equa- 
tions [29], will furnish values for the derivatives y‘(2,), y'(2-), 

For each of these roots we may find a solution for A by making 
the appropriate substitution into Equation [10]; we may find a 
solution for C by substituting into Equation [9], and a solution 
for B by substituting into Equation [8]. The resulting designs so that Equation [8b] will read 
should then be checked to see the range for which we get a reasona- 
ble approximation to the prescribed function. 

This procedure will result in a good but not necessarily the best [hyo first derivative is found to be 
approximation. Problems of this type are beyond the scope of 
this paper, but will be considered in a future publication. 


Equation [14] can be rewritten 


x*)(—4A%z? + 4A(K — 2C%)z 


B? + C2 +1 


DERIVATIVES OF 2 


z=yr+ y*) (1 


and let 


z= ye + all 


. where, in view of Equation [18] 
CONCLUSIONS 
Not only is it possible to tell whether a four-bar mechanism 
can be designed in which the position of the driver and follower 
are related by a prescribed function, but if it can, then it is possible — ‘ppc equation can be put in the simpler form 
to find, by analytical means, the required design proportions. Nal, - YA 
az 


Appendix by combining Equations [20] and (21). Another differentiation 


vields 
Expurcrr Equation or State 


that in Equation [Sa] B? = 1 + A? 4+ = Qy’ + zy’ 
24r — 2ACz + 2Cy and that in Equation [8b], z = yr + 


V (1 — Solving Equation [8a] for z and a third yields 


A 
c 
- 
a a a’ 


za + 3y” + zy’”’ 

3 yl ‘a” 2y"a’ 
a a a’ a’ 


2yy"a’ 2yy’a” 


where, in view of Equation [21] 
a + a's + ar? — a's yy” 
(1— a(l — z?) 
yy'(a’ — 2az — a’z*) 
— z*) 
ILLUSTRATIVE EXaMPLes 


(a) Consider the design of a four-bar mechanism where 


For such a relationship 
cos = cos 
and, in view of the notation indicated in Equation [7] 
y = 1 — 27’... 


The derivatives of this equation are simply 


The right-hand side of the compatibility equation, Equation [11], 
becomes 


which is not equal to zero for a finite range of x. 
(b) Consider the design of a mechanism where 


= — 32 
| 2 1 — cos ¢ [32] 


In view of the notation introduced in Equation [7], this expres- 
sion can be rewritten 


lo — 322 — 


By differentiating this function, we find that the first and second 
derivatives are 


2y? — x? — 3x 


2(1 r\(2y — x) 


(2y’ — 1)*(1 - 


+ x) > 2c 
2(2y 


r)(1 — 


¥ 


... [24] 


“"RANSACTIONS OF THE 


and liquation [10] shows that A = I. 
a similar process that A = 1 whenever 


It has also been found by 


but not beyond these values. 

Since A is constant, within a prescriled range of input angle, 
the compatibility equation obviously will be satisfied. Subse- 
quent substitution into Equations [9] and [8] shows that C = 1, 
and B = V3. 

For a design in which d is to be, say, 3.500 in., the dimensions for 
a, b, and ¢ are 3.500 times the value just computed, or a = 3.500, 


b = 6.062, ande = 3.500. 


rarely 


Ricuarp pg Jonas.’ Invited by the authors to discuss 
their paper, the writer’s remarks shall deal with the terminology 
and mathematics of the paper. 

Although the authors have made changes in the final printing, 
based on the writer’s criticisms, the remarks made during the ver- 
bal discussicn of the original paper are, nevertheless, appropriate 
generally as they emphasize the writer’s deep concern for the 
correct’ use of technical and particularly kinematic terms, to 
which he had drawn special attention at the 1953 Fall Meeting 
of the Society.® 

The original title of the paper was “Synthesis of the Quadric 
Chain When the Position of Two Members Is Prescribed.”’ (This 
has now been changed to the title at the head of the paper.) 

First of all, the title is incomplete, for it should have been ex- 
tended by the phrase, “by a Functional Relationship,” as the 
construction of a four-link mechanism when the directions of any 
two links are prescribed and the length of one of them and any 
other geometrical relation between two links are given also would 
fall into the field of kinematic synthesis, but would not be the type 
of problem the authors wish to investigate. Also, there is in the 
title a term to which the writer takes exception. Unfortunately 
this term is quite generally used in the wrong sense not only by 
the authors, but throughout the American technical literature 
dealing with kinematics and mechanisms. This is the term 
“chain” instead of “mechanism.’’ The present paper deals with 
mechanisms, but not with chains, 

“Chain,’’ or better “kinematic chain,” is the higher concept of 
the configuration of all the links without preference for any one of 
them, “mechanism”’ is a specific aspect of a chain, namely, that 
in which one link receives special consideracion by being fixed to 
the surrounding space, and the motions of all other links being re- 
ferred to this fixed link. The loose use of the term “chain’’ in- 
stead of “mechanism” frequently leads to misunderstandings and 
should be avoided. Consequently, the reference by the authors in 
the original paper to “. . . a four-bar mechanism, or quadric chain 
as it is sometimes called” should have been omitted as incorrect 
and it has now been omitted in the final printing of the paper. 


Discussion 


* Mechanical Engineer and Consultant, Reeves Instrument Com- 
pany, New York, N. Y. Mem. ASME. 

*See the paper “An Analytical Approach to the Design of Four- 
Link Mechanisms,” by F. Freudenstein, ASME Trans., vol. 76, 
1954, pp. 483-492, particularly the final sentence of the author's 
closure, p. 492 
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> and, in view of Equation [24] 
nw 
ber 
4 1 
When z = 0, it is found that 


The authors, further, spoke of three diagonals uv, rt, and us 
with respect to their Fig. 2. Strictly speaking only rt and us are 
diagonals of the four-link mechanism, but ur is not. If, however, 
one considers the supplementary mechanism rréur, in which tr is 
parallel to sr and st parallel to rv, then uy would be a diagonal of 
this supplementary mechanism. In accordance with the writer's 
the term “diagonal’’ has now been replaced by 
struction lines,” which does not help clarification. 
Next, the writer dislikes very much the term 
-state.’”’ In the paper, there is no state involved at all 
call it so? The whole idea, apparently, comes from the introduc- 
tion by the authors of stress-analysis terminology into kinematies 
In the case of stress analysis, there is, naturally, a ‘“‘state’’ of 
In the present paper, however, only configura- 
Thus, it would be far more appropriate to 
for it is charac- 


criticism, “eon- 
equation of 
Thus, why 


stress involved. 
tions are dealt with. 
call Equation [8] the “characteristic equation,” 
teristic of the configuration. 

There is another term to which the writer takes exception, 
likewise adopted by the authors from the theory of stresses. 
‘This is the term “compatibility equation,” for what the paper is 
‘concerned with is only a ‘‘criterion,”’ that is, whether or not a cer- 
tain equation fulfills this criterion. Thus, “applicability criterion” 
seems more appropriate to the writer. When these 
adopted, there would be no confusion possible with the termi- 
nology of the stress theory. 

Regarding the mathematical part of the paper, the writer finds 
that the formulas developed are correct. Equation {6] is one 
which was derived independently in a paper submitted to the 
‘Society in March, 1953, by a junior member, Mr. Freudenstein, 
who presented a very excellent paper on four-bar mechanisms at 
the 1953 Fall Meeting at Rochester, N. Y.* 

While the applicability criterion, as the writer has called it, 
may prove of value in a number of cases, it can be seen from the 
Appendix that it may not always be simple to apply, 
generally very cumbersome equations result 

Therg is also an important point that must be definitely kept in 
mind. Since a four-link mechanism can but have a cyelie re- 
curring motion it can only be used to represent accurately equa- 
tions or functions that are also cyclic. This eliminates the entire 
field of functions which are noneyclic. However, for limited in- 
tervals of such functions approximate solutions by means of four- 
link mechanisms may still be feasible provided the allowable 
tolerances are sufficiently wide, as was shown by V. Svoboda? 
and will be shown also in the paper by Freudenstein when it will 
be presented. 

The introduction by the authors of concepts from the theory of 
stress analysis into the theory of kinematic synthesis is intriguing 
and actually may prove to be very useful. The terminology for 
the equations should be changed to those suggested in order to 
prevent confusion with the terminology of the stress theory. It 
is the writer’s purpose to call attention to this fact and to con- 
gratulate the authors for having taken this interesting and useful 


terms are 


because 


step. 


FERDINAND FREUDENSTEIN.’ The authors have applied con- 
cepts successful in the field of applied mechanics to the analysis 
of four-bar linkages. These concepts are the concepts of the equa- 
tion of state and of compatibility. For introducing these con- 
cepts, the authors merit commendation. The four-bar linkage is 
elusive when it comes to analysis and the large amount of work 
required to develop a presentable analysis deserves to be appreci- 
ated, 


The Equation of State (Equation {8|). This equation has been 


7 Reference 4 of the paper. 
* Department of Mechanical Engineering. Columbia University, 
New York, N. Y 


FOUR-BAR MECHANISM 


derived independently in a paper entitled “Approximate Synthesis 

of Four-Bar Linkages,’’* in the following more concise manner: 
Referring to Fig. 1 of the paper under discussion, let the links 

d, respectively, such 


a, hoe, d be represented by vectors a, « 


@tb+c+d =0 


Hence b= bt +e + a){(d+e + dad) 


where the dot (-) refers to the scalar product of two vectors 


2a + 2a: a 


= + + d* — Qac cos (y¥ — ¢) 2ud cos g + ed cos y 


It is evident from this derivation 
that the equation of state is an expression of the physical fact that 
the four links of the linkage form a closed chain. 


which is the equation of state 


The compatibility equation. 
It seems, however, that the practical evaluation of 
the derivatives (as per the Appendix) is often lengthy and that a 
numerical method is to be preferred, as demonstrated in example 
(b) of the Appendix. 

Tn the design of computing linkages, it is often desired to gen- 
erate functions which are given in the form of a numerical table, 
listing corresponding values of the independent and dependent 
variables. The functional form of such a relationship may be 
complicated and is frequently not known. In such cases, a dif- 
ferential form of the compatibility equation, as given in this 
paper, cannot be used. 

However, a difference equation can be used as a compatibility 


tion is good. 


ne 


The idea of a compatibility equa-_ 


equation under all cireumstances and ean be derived in the follow-_ 


ing manner: 

Let ro, Yo. Zo, denote a set of values of xr, y, z, belonging to the 
function which is to be tested for compatibility. Writing Mqua- 
tion [Sa| for the values of ro, yo, 2» and subtracting it from 
Equation [8a] as given in the paper, one obtains 


X=- = 


ped? 
This suggests the following compatibility criterion: 
of X versus Y on ordinary graph paper. If the function is 
“exact,”’ the curve should be a straight line. The intercept with 
the Y-axis would occur at XY = —C' and the intercept with the Y- 
axis would occur at Y = A, thus providing a simple means of 
For exact values, the foregoing 


The 


determination of the side ratios 
(straight-line) equation can be solved analytically. 
B can be found by using Equation [8a] of the paper 

The procedure just given can be used for functions defined 
either analytically or numerically and may be faster than the 
application of the differential form of the compatibility equation, 
depending upon the nature of the function in question. 

A good many functions can be eliminated without any analytical 
of “periodicity” 


value of 


tests whatsoever by noting their lack 


Plot a graph 


and it is 


only those functions which cannot be so eliminated which merit — 


a formal compatibility test 

Application of Authors’ Methods to Design of Computing Link- 
The portion of synthesis of interest to the designer of com 
In this type 


aqes 
puting linkages is known as approximate synthesis. 
of synthesis a linkage is designed to generate a function ap- 


* Submitted by the writer to the Society, March 30, 1953, and re 
ferred to the Machine Design Division, May 15, 1954. Scheduled for 
presentation as Paper No. 54-—F-14 at the ASME, Fall Meeting, Mil- 


waukee Wis. September 8-10. 1954 
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proximately. The linkage is considered satisfactory if the error in 
the mechanization does not exceed the limit specified by design 
The majority of functions encountered in prac- 
" and are synthesized in an approximate man- 


considerations 
tice are not “exact 
ner 

The given quantity in an approximate synthesis is usually not 
the relationship between the crank angles, but the function y = 
f(z) which is to be synthesized and the range of z, within which 
the synthesis is desired, A relationship of the form y = f(x) must 
then be converted into a relationship between the crank angles. 
This requires the determination of scale factors and zero points 
on these seales, which can be imagined attached to the four-bar 
linkage. These additional four adjustable parameters will have 
to be considered if a practical design procedure is to be developed 

If, for example, the function given in example (a) of the Ap- 
pendix were to be used as a computing linkage, one would con- 
factor of y. The function 
This function can be repre- 


sider changing the sign of the scale 
would then become y = 2@ T. 
sented exactly by a four-bar linkage in which the fixed link and 
the driven crank are of equal length and the other links are in- 
finite. The practical form of this linkage would be a rotating 
slider-erank (or turning-block) linkage with the erank equal in 
length to the fixed link. 

The authors deserve credit for the introduction of promising 
new concepts to linkage design. Further investigation is re- 
quired, however, as the authors realize, in order to develop the 
analysis to the stage at which it can be applied to the approxi- 
mate synthesis of computing linkages; ie., to the practical design 
of computing mechanisms 


Haun. The authors have performed a valuable service 
in calling attention to the possibility of testing a function to de- 
termine whether or not it ean be generated by a bar mechanism. 
Their result for the four-bar mechanism is important in itself but a 
greater contribution is the fresh thinking displayed in their ap- 
proach to the problem. 

It would be interesting to learn whether similar thinking might 
lead to a test to determine whether or not a bar linkage could 
generate a prescribed function approximately; i.e., not exactly, 
but within specified limits for a specified range. The authors in- 
dicate that they have given some thought to this problem. It is 
hoped that they will be encouraged to continue along this line, 


J. A. Hrones.!! This paper is another weleome sign of a 
gathering interest and enthusiasm directed toward the de- 
velopment of a solid understanding of the fundamental properties 
of linkages so essential to the solution of the problem of the syn- 
thesis of mechanism, In setting up a condition of compatibility 
for a quadric chain and applying it to the solution of two specific 
problems, certain limitations of the four-bar linkage are implied 
which do not exist. A much greater versatility existe and be- 
comes evident if one does not restrict consideration to: 


The ratio of the angular motions of the two cranks, 
The “exact” duplication of a desired motion. 


The great storehouse of motions available in any linkage is as- 
sociated with the motions of points on the connecting rod or con- 
necting rod extended (see Fig. 3, herewith). Reference to Hrones’ 
and Nelson’s ‘Analysis of the Four-Bar Linkage,”’ 
possibilities, To define the motion of any point on the connecting 
rod of a four-bar linkage, five nondimensional ratios must be 
the three nondimensional link-ratio terms used by the 
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authors and two additional ratios required to locate the point on 
the connecting rod, The methods used by the authors can be ex- 
tended to this case to determine if a linkage exists which will give 
a desired motion. However, the equations will be more compli- 
cated and involve the fifth derivative. In addition, the demand 
that an exact solution exist again places serious limitations on 
the value of the method. 

There are few engineering problems where an exact solution 
as required by this method is essential. In practically all cases a 
band of tolerance is defined. An answer within this band is 
satisfactory. The compatibility equations as developed by the 
authors involve high derivatives of the variables, the presence of 
which will make it difficult to use the compatibility relationships 
to design linkages to provide a motion which lies within a per- 
missible tolerance band. 

One hopes that the authors of this paper will extend their work 
to the much more important and much more versatile area which 
admits solutions which are not exact. 

The first example given by the authors in the Appendix raises 
some very interesting questions. The conclusion is reached that 
there is no four-bar mechanism which will reproduce the function 
v= 2¢y. From the viewpoint of pure mathematics, this 
may be true but it is certainly not true from the engineering view- 
point of doing the job. The constant r can be handled by simply 
establishing a fixed reference point. The mechanism must merely 
produce changes about this reference point to conform with 


If a substitution of Aa for —2(A@) is made the following rela- 
tionship results 


Av = Aa...... 


Equation [38] is solved exactly by the parallel crank mechanism 


shown in Fig. 4 of this discussion. The reversal of sign and the 
factor of 2 can be simply handled in a number of ways depending 
upon the system in which the linkage is to be an element 


Max Lumina.'? Equation [8] represents a family of functions 
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relating z and y with the parameters A, B, and C. The authors 
differentiate this equation three times and arrive at the dif- 
ferential Equation [11]. It is logical to conclude that any func- 
_ tion which belongs in the family described by Equation [8] must 

satisfy Equation [11], since [11] is derived from [8]. However 
this is no guarantee that any function which satisfies Equation 
— [11] must belong in the family of Equation [8], unless it can be 
_ proved that Equation [8] represents the most general solution of 
the nonlinear differential Equation [11). 

The results of this paper are still useful as they now stand, in 
that Equation [11] provides a necessary condition for a function 
to be generated exactly by a four-bar linkage. When a function is 
given, if it does not satisfy Equation [11] one is sure that it can 
never be generated exactly by a four-bar linkage, but if it does 
satisfy Equation [11] one can only say that it may or may not be 
generated exactly by a four-bar linkage, for we are not sure that 
the members of the family described by Equation [8] and only 
these members can satisfy Equation [11]. 

In order for Equation [11] to be a necessary and sufficient con- 
dition for a function to be an exact four-bar-linkage function, it 
must be verified that only members of the family of functions, 
Equation [8], can satisfy Equation [11). 


Eewarp Miucer." Engineering colleges in this country as 
evidenced by typical course contents dealing with the science of 
kinematics show a preponderant emphasis on problems involving 
the determination of displacement, velocity, and acceleration of 
mechanisms whose configuration and dimensions have been pre- 
specified. In addition, the majority of technical articles published 
on this subject, also, deal largely with the motion of linkages 
whose proportions already are known. 

A great number of practical problems faced by the design engi- 
neer, however, involve the necessity of obtaining a definite pre- 
scribed output motion from a given input motion, The design of 
a linkage to accomplish this task, commonly referred to as 
“kinematic synthesis,” is ofttimes a problem of great complexity; 
and it is in this phase of kinematics that we have fallen behind 
our European colleagues 
: This contribution of the authors represents another step for- 
: ward in an area where much further work must be done. The 

analysis presented stands out in the generality of its application, 
‘since any functional relationship between the angular displace- 
ment of the driver and follower links may be investigated. Al- 
though the authors have exemplified only the case of a given rela- 
tionship of driver-follower link displacement, this approach can 
easily be extended to problems dealing with velocity and ac- 


celeration considerations. 

The limitations discussed in this paper regarding the relatively 
few mathematical relationships which may be reproduced ex- 
) actly by the quadrie chain are no great drawback. This unique 

method forms the basis of an approximate solution which can 
take into cognizance the permissible tolerances of a practical de- 


sign. 

The synthesis presented has value beyond pure academic im- 
portance. In the automatic-machinery and the com puting- 
mechanism field, linkages enjoy a number of positive advantages 
over cams. Friction forces are usually lower, particularly when a 
drive free of backlash is required, and it is usually easier to obtain 
high accelerations in the driven member. Wear can be reduced 
because of greater surface contact. In addition, a linkage has only 
a small number of dimensions compared to the multitude of di- 
Com- 


mensions necessary to describe a cam profile accurately. 


pared to cam manufacture, simpler standard machines can be 
utilized to fabricate a four-bar linkage 
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From a practical standpoint, therefore, the utilization of 
quadric chains based on the method of kinematic synthesis pre- 
sented in this paper can be reflected in reduced costs and main- 


tenance. 


Metvin Zarp.'* The authors have presented a useful method 
for rapidly determining whether or not a four-bar mechanism can 
exactly satisfy input-output requirements, As such it has great =| 
practical application, Before embarking on any approximate = 
analysis, the possibility of an exact solution should first be in- 
vestigated through the compatibility Equation [11] of the paper 

This exact solution also might be used in obtaining a “good” ve 
four-bar mechanism by numerical methods. This could be ob- 
tained as follows: ar 
mechanism. To obtain a good four-bar mechanism 
the method of collocation can be used. Knowing the desired 
f(x), three points (2, ¥:), (2, ye) and (2, ys) are selected 
These are substituted into Equations [8a] and [84] yielding three — 
equations that are solved simultaneously to give 


Good 


y= 


Ca (39 
(ta — — 23) — (21 — 22 — ys) 
Clan — 
(1 te) + 22) 
1 + At + C2 — 242, — 2ACe, + 


It is interesting to note that Equation [39], herewith, may be 
written in veetor form as follows ; 


Usit+jt+k 
X = + + 
Y= mi + way + 
2 = ni + + 
Then 

With a little experience it should not be difficult to select values — 
of x), whieh will give a good four-bar mechanism, 


AutTuors’ CLOSURE 


The authors wish to thank the discussers for their valuable 
suggestions and criticisms, Several of the discussers expressed 
interest in the extension of the present analysis to include a 
wider range of functions. This is certainly a natural and timely 
comment 

Synthesis of a greater number of functions than is permitted by 
the method deseribed in the present paper may be accomplished 
by increasing the versatility of the mechanism, by permitting a 
tolerable variation beeween the prescribed and generated fune- 
tions. or both. Versatility may be gained by introducing the 
following four additional parameters: the input seale factor k 
the output scale factor m, the initial set of the input angle gy = 
and the initial set of the output angle yo. A design procedure — 
could be formulated to generate a function containing these addi- 
tional parameters by generalizing the concepts proposed in the a 
present paper, 

If we chose to permit a tolerable variation between the pre- 
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scribed and generated functions, then the following suggestion is 
made. Find a solution for each of the points which satisfy the 
compatibility equation by following the procedure outlined at 
the end of the original paper and then compare the function 
actually being generated with the original function, One of the 
resulting designs may be satisfactory. 

The greatest number of functions may be generated by com- 
bining both of these methods. 

The apparent paradox which arose in connection with the 


function 


does not arise When the additional four parameters k, m, go, and 
“yy are introduced to the problem. For the case under discussion, 
the input scale factor is two, the output seale factor is unity, the 
initial set of the input angle is 7, while the initial set of the output 
angle is zero. Equation [43] may be shown to satisfy the com- 
patibility equation if the existence of these parameters is ac- 
counted for in advance, The illustrative problem was restricted 
to the case in which the parameters did not enter the picture, 
and the compatibility equation, therefore, was not satisfied, 
The parameters were of course included in the solution offered 
by the discussers, 

The authors are grateful to Mr. Freudenstein for presenting in 
his diseussion of our paper his derivation of Equation [6] which 
he developed independently and has reported in his paper No. 
54--F-14, The vector approach does shorten the number of 
steps needed to derive Equation [6]. The derivation of Equation 
'6] may also be shortened from an entirely algebraic point of 
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If this were done, however, the interesting geometric rela- 
tionship described in Equation [4] would have been overlooked. 
May we take this opportunity to emphasize the difference be- 
tween Equation [6] and Equation [8], the equation of state. 
The introduction of Equations [7], as we can see, enabled the 
authors to differentiate with respect to cos g rather than ¢ itself. 
As a result, the subsequent work was greatly simplified. 

The point (x, y:) for which the compatibility equation yields 
zero may also be used in the collocation method to accelerate the 
process of obtaining good results. It should be emphasized, how- 
ever, that care should be taken in using the collocation method 
to see that the resulting design is well behaved within the entire 
range being studied. 

The authors wish to commend Mr. de Jonge for his consistent 
vigilence in seeing to it that exact kinematic terminology is 
rigidly adhered to. We are in sympathy with this viewpoint and 
we wish to thank him for his assistance in this direction. It is 
felt, however, that the concept described in Equation [8] is in 
fact an “equation of state’ and Equation [11] is a “compati- 
bility equation.”” Equation [8] describes the manner in which 
the links must be combined so that the mechanism always forms 
a closed loop. The suggested title ‘characteristic equation’’ has 
a mathematical significance not intended in the present analysis. 
I;quation [11] assures us of the fact that the motion required to 
generate a prescribed function is compatible with the restraints 
imposed by the physical restrictions of the mechanism, thus the 
term “compatibility equation.’’ We feel that no confusion will 
arise with stress theory as a result of the terminology assigned to 
the afore-mentioned equations, 
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